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PREFACE TO THE EIGHTH EDITION 


; Some forty yoars ago the late Dean J. B. Johnson wrote the following 
petinent statement in the preface of the first edition of The Materials of 
Castruction: 

“The rational designing of any kind of construction involves a knowl- 
ede of: 

‘The external forces to be resisted, transformed, or transmitted; 

“The internal sti(‘sses resulting therefrom; 

‘The mechanical projuTties of the materials to be employed to accom- 
pl'i the objects sought. 

‘Of these three coordinate departments of knowledge the first two 
arrfounded on the scienci^s of mathematics and applied mechanics. The 
lasone, however, does not rest on any deductive science, as this informa- 
tio can only be gained by patient, expinisive, and compt'tent research. 
Fothis reason the third essential named above has not kept pace with the 
otn* two kinds of engineering science; but, on the other hand, it furnishes 
ve'^ much greater rewards to the skilled investigator. 

‘During the past twcTity-five years the number of such investigators 
ha increased from a scattering few to hundreds and even thousands, and 
thie are now found in all enlighttned nations. The results of their 
oriinal studit's and experiments are pouring in upon us from all countri(‘S, 
in riany languages; and no practising engineer can hope to even scan, 
nu;h less to appropriate and assimilate, more than a very small part of 
th vast wealth of expiuiinental knowledge.^' 

The belief that it was essential that students and engineers should have 
a l oad knowledge of this subject led that author to compile his well-known 
tn tise. His good judgment and foresight in so doing were confirmed by 
extnded use of the book both as a text and as a reftTence book for nearly 
a ,^3orc of years with little revision. In 1918 under the editorial super- 
on of Dean F. E. Turneaure, now Emeritus, the present authors rewrote 
; book, producing the fifth edition. In it the division into parts was 
larded and the related portions of the subject were more closely coordi- 
ted than in previous editions. That edition covered subject matter 
lilar to the first twenty-nine chapters of this volume. In the sixth 
tion of 1924 , Chapter XXX on paints and varnishes by 0 . A. Hougen 
d Chapter XXXI on the constitution of some of the more important 
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jion-f(^rrovis alloys by R. A. Ragatz were added, and numerous revij 
of data and .sub.sti tut ions in descriptions of apparatus were made. 
1930 thf^ seventh edition apjx^ared, emb[)dying rnattuial changes in 
cha|f)tc‘.rs dealing with timber, cement, and concrete, and many ( 
minor revisions. 

B(di(vving that there is a distinct advantagt> in presenting to the stiu 
of this subject a book which will serve both as a ti'xt and as a refert 
book, the authors of the (ughth edition have maintained the broad sc 
of t;h(‘ former treatise. Tln^y have aimtnl to provide the essential in 
mation conct^rning the sources, manufacture, or fabrication of the princ 
materials; to give carefully select(al data covering the more import 
mechanical arnl physical proptuties and the influences of varit)us fac 
upon thes(^ properties; to show thi^ causes of def(‘cts and variations . 
how they may be discovered; to furnish an aciiuaintance with the techn 
of tf‘sting mal('rials; and to present to the student some of the m 
general us(‘s of tlie different materials. 

GiM'at cart' has b(Mm takt'ii to ilhistrat(‘ ath'quately the revised wcj 
with material from the b(‘st sourc(‘S. In the eighth edition s('vcuity-: 
new and thirteen n'vistal illustrations are prt'sented. The large us<‘ 
diagrams and charts in presenting facts and laws, and the omission 
tables wlu'rever possible, have f(‘atur('d the present voluirn^ as they (f 
till' previous editions. l)(‘an Johnson well said: 

‘'A law of n'ljitionsliip ctinnot be pt'ici'i v(h 1 from data arranged 
a tabidar form. \Vln*n jdotbal to significanl argumi'nls the law not or 
b(‘Comi‘s evident at a glaiUM*, l)ut when oiuu' impi ivssed on the mind throi 
the s(‘ns(' of sight it cannot W('ll be forgottfui. To obtain this lasting b(‘ 
lit, however, th(‘ diagram must ho iiibtligently read and understoixl. 1 
readt'r is urged, thi'n'fon', to give gn^at care to the study of all tlie diagra 
which accomjjaiiy tlu' ivxi on any subjt'ct, for, as a rule, the facts, laws, a 
conclusions to be drawn from them are not fully expressed in the t(' 
’'fhe diagrams must be considered as a part of thi‘ t('xt, and thi'y should 
r(*ad with (‘vi'ii gr(‘at(‘r can* tiian is bt'stowtnl on the word-i‘mbodied id(‘n 

In till' I'iglith ('dition extensiva* revisions have Ix't'ii made. Statisti 
data hav(‘ bi'i'ii lirought up to date. Chapters 1 to III have been rr'vi 
to inchnh' in'w d('finilions, column formulae, formulai'. for stri'iigth 
defh'ction of Hat plati's, inforimition oii elastic bn'ak-down, iu*w test 
machines and ap|):ua(us, and improvi'd methods of t('sting. In \ 
chapti'i's on timber, inrorination on ti'rinitt's, plywood, and joint fasti'nii^^ 
and new' grading riih's and st ri'ss grades for structural timbers are presi'iit-i 
Now data on properties and now nn't.hods of testing stone appear 
Clnipter VTl. Ri'cently devi'loped iiu'thods for testing and new data 
strengtli and durability of clay products, togi'ther wdth an artude 
reinforcf'd brick musonry, will be found in Chapter VIII. Exti'iisi 



PREFACE 


Vll 


frigos'in Chapters IX to XII include a resume of the new types of cement, 
•^iiue’s method of calculating compound composition, influence of con- 
h ition on properties, new illustrations of machines and processes of 
lufacture, data on properties, and methods of testing. Revised pro- 
ires for making and testing mortar and concrete together with new 
^ trination on thti properties of these materials have been placed in 
^ ipbns XIII and XIV. 

Cvhapters XVI to XXI contributed to the fifth edition by Dr. Aston 
^ 1 Chapttu’XXJII have been revised by G. W. Washa, Ph.D. Changes 
V hes(^ chapters include rt^cent concepts n^garding alloy structure and the 
^ stitution of st(‘(d, also new illustrations and improved df^finitions. 

: ij)tf‘r XXV on cast iron and malleable cast irt)n has biuai thoroughly 
■ ,ised and improved by th(^ insertion of data on nt'w irons and their 
)(vrties and uses. ChapUn- XXVIII on fatigue has biHui rewritttni by 
vk Komnu'rs, a ik'W Cfliapter XXXII, ‘‘Mt'tals for Light-weight Con- 
uction," has bi'en atldetl, and two new appendices haw, becni substi- 
* ted for those in th(‘ last edition. 

Acknowledgment of th(i many sources of information consult(nl in the 
aipilation of this book has been made in tln^ t(‘xt. T\w writ(M‘s are much 
lfd)ted to the Engineering Staff at the University of Wisconsin, especially 
Di^an l^jiiKvritus F. 1^. Turnt‘aure, Professors K. F. Wt^iult, ,1. B. Kommers, 
J. Roark, E. R. Maurt'r, R, A. Ragatz, and Mr. Georg(' W. Washa. 
t* coop(‘ration of tli(‘ S(-aff of the Forest Proilucts Laboratory, chiefly 
f‘ssrs. ,1. A. Newlin and Iw. J, Markwarrlt, and of Messrs. F. R. McMillan 
rl 11. F. GoniuM-man of th(‘ Portland C'ement Association Laboratory 
> l)f‘en grt'atly ai)preciatf‘d. 

For courtt'sies ('xt ended in providing material for illustrations the aul liors 
‘ very grat(‘ful to all contributors, espcTaally to danius Olsrai F[\sting 
Lichint* Co., Ri[ddf^ Testing Machine Division of AnKuica-n Machine and 
‘tals, Jnc., Baldwin-Soiithwark Corporation, Morehouse Machine Co., 
'ctric d'anip(‘r and Efiuiprnent Co., National J d re prof) fin g Ca)rporation, 

‘ Journal of Industrial and Engineering Chemistrjjj AineTican Cflay 
ichiinuy Co., Illinois Steel C-o., Harbison-WaJkf'i' Refractories Co., 
Jisoim^ Conend.e Machim'ry Co., Sbaicy-Schmidi Mfg. Co., th(‘, W. S. 
f.oT Co., Ludowici-Cadadon Co., Weary & Beck, Bradley Pulv(‘riz(‘r Co., 
is-Chalmers ( ai., Shon^ Inslrument and Mfg. Co., the For(\sj. Products 
boratory, the Portlantl Cement Association, tin* Aiiierican Railway 
igineering Association, Mr. C. J. Humphrey, and Professt)r H. C. B(‘Try. 


vIadisdn, Wisconsin 
September f 1939 


M. 0. WiruEY. 
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MATERIALS OF CONSTRUCTION 


CHAPTER I 

SYNOPSIS OF THE PRINCIPLES OF MECHANICS OF MATERIALS 
GENERAL NATURE OF DEFORMATION AND STRESS 

1. Definitions.—When a solid body is aet/'d upon by external forces, 
two results are, in general, produced; (1) the body is di'formed to a greater 
or less extent, and (2) there is developed in the body internal resisting 
forces which balance the external applied forces. The deformation pro¬ 
duced is by some writers called strain^ but in this work the term deforma¬ 
tion will be used; that produced in a unit of length is termed unit defor¬ 
mation. The internal forces acting between consecutive particles are 
called stresses. Unit stress is the amount of internal force per unit area. 
The stresses acting on any imaginary section taken through the body 
must be in equilibrium with the external forces acting on either side of 
such section. 

If the external forces themselves are not in equilibrium, there is a 
third result produced, namely, that of acceleration of the body, but in the 
discussions of this treatise the subject of motion of bodies is not considered; 
all external forces are assumed to be in equilibrium and the body at rest. 

2. E[inds of Stresses.—Depending upon the arrangement and direc¬ 
tion of the external forces, the stress produced in a body may be 

(1) Tensile stresses; 

(2) Compressive stress* 

(3) Shearing stress; 

(4) Bending stress; 

(5) Torsional stress; 

(6) Various combinations of the above stresses. 

Tensile and compressive stresses are frequently called direct stresses. 
They act perpendicularly to the section in question. In the case of long 
prismatic bars or members of structures, if the external forces act along 
the axis of the member, direct stresses of tension or compression are 
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produced, the section taken being assumed as a cross-section transverse 
to the axis of the member. 

Shearing stress is produced by forces tending to slide one particle upon 
another; it is a stress which acts parallel or tangential to the section in 
question. Where the resultant of all forces acts in a direction at right 
angles to a section, the stresses on the section are direct tensile or compres¬ 
sive stresses; where it acts at any other angle, there will exist shearing as 
well, as direct stresses. Generally speaking, when a body is deformed 
under the action of external forces, both shearing and direct stresses will 
be produced throughout the body; it is only on particular sections that 
the stresses will be purely direct or purely shearing stresses. Thus, in 
the case of a tension bar, the stresses on a transverse section will be ten¬ 
sile only, but on a section taken tlirough the bar at any other angle, shear¬ 
ing stresses will also be present. 

Tension, compression, and shear may be considered as the elementary 
stresses. The other kinds of stresses mentioned above are merely com¬ 
binations of these elementary stresses resulting from special arrangements 
of the external forces. Thus, the so-called bending stresses are those which 
are produced by external forces that give rise to bending moments; the 
resulting stresses are compressive on one side of a neutral plane and tensile 
on the other side, while shearing stresses exist, in general, throughout the 
beam. The result of this combination of stresses is a bending of the 
member as a whole. 

Torsional stresses are produced by forces which set up a torsional or 
twisting moment; this produces a rather complex combination of shearing, 
compressive, and tensile stresses. The member as a whole receives a twist¬ 
ing or torsional deformation. 

Comhined stresses are those resulting from a combination of direct 
and bending stresses which produce a bending of the member and at the 
same time an elongation or compression, those resulting from a combina¬ 
tion of direct stresses, or those resulting from a combination of direct and 
shearing stresses. 

Other common terms, frequently used in defining various conditions 
under which the external forces are applied, are: impact, repeated stress, 
and column action. 

Impact is a term used to describe the application of external forces 
with such suddenness as to produce a shock or blow. 

Repeated stresses indicates stresses which are applied and removed, 
in whole or in part, numerous times and at short intervals. In carrying 
out such tests, stresses are often repeated several millions cf times. 

Column action signifies a compression applied to a relatively long 
member so that lateral bending or buckling is likely to occur, thus giving 
rise to bending as well as compressive stresses. 
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3. Elastic and Plastic Bodies. —When a body which has been deformed 
under the action of external forces is released from such action, a greater 
or less recovery of form takes place. To the extent to which the body 
recovers its original form, it is said to be elastic^ and to the extent to which 
the body fails to recover its original form, it is said to be plastic. Most 
engineering materials are in part clastic and in part plastic, the relation 
between these properties varying widely in different materials. For 
relatively small unit stresses and deformations, most materials are nearly 
or quite perfectly elastic, that is to say, they fully recover their form when 
the load is removed; but as the deformation increases, a point is reached 
beyond which the original form is not fully recovered. 

Elastic Limit and IJliimate Sivength. —The maximum milt .stress within 
wliich a body is quite perfectly elastic is called the elastic limit. Beyond 
this point, the material will recover only to a certain extent, and will show 
a certain amount of permanent change of form or set. When the load and 
deformation are increased still further, rupture generally ensues. The 
maximum unit stress carried by the mateiial is tc'rmed the ultimate 
strength. 

The amount of deformation w^hich the material will undergo before 
rupture, varies widely with different materials. Hard, brittle materials 
like glass will show v(^ry little di^formation between their elastic limit and 
ultimate strength, while materials like soft steel and wrought iron will 
undergo a very large deformation between these limits. Under compres¬ 
sive stresses materials like soft steel a nd wrought iro n can hardly be said 
to have any definite ultimate^i eiijjlir, as their resistance to load increases 
continuously with their deformation. 

4. Modulus of Elasticity.—AVithin the limits of elasticity of solid 
bodies, the deformation is proportional to the stress, and the ratio of 
unit stress to unit deformation is a very important function in the study 
of materials. In general, this ratio is termed the 7nodulus of dasticiiyy 
and we have moduli of elasticity in tension, compression, and shear. 
The moduli in tension and compression are usually equal. The modulus 
for either direct stress is known as Yourig^s modulus j and is denoted by the 
letter E. 

According to notation used in this work, w-e have the following for 
direct stresses: 

P = cnd axial load; 

?=length of bar; 

A = area of cross-section; 
e = longitudinal deformation; 
e = unit longitudinal deformation; 

4 S 1 or 5 c = unit stress of tension or compression; 

.B = modulus of elasticity. 
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Then 



S, 


or 




( 1 ) 


5. Longitudinal and Lateral Deformation under Direct Stress.— 

When a body is subjected to a direct stress, either tension or compression, 
it undergoes a certain amount of lateral as well as longitudinal deforma¬ 
tion. The ratio of lateral to longitudinal deformation is called Poisson’s 
ratio, denoted by X. The values of this ratio for some of the more com¬ 
mon materials are as follows; * 

Glass.. 0.2451 Brass. 0.3275 

Steel. 0.26S(> Delta-metal. 0.3399 

Copper. 0.3270 Load. 0.4282 

6 . Volumetric Deformation.—If the length (?) of a body is increased 
by €?, its lateral dimensions are decreased in accordance with Art. 5 and the 
new volume of a rectangular bar having lateral dimensions of h and d 
would be 

?(l + e)-6(l-EX)-d(l-eX)=/M(l + E-2EX).t 


But the original volume was Ihd, hence the change of volume is ??)c?(l — 2X)e, 
and the relative change is —2X)e, divided by the original volume, 

or (1 — 2X)e. 

If we now apply an equal direct tension in the direction of &, we would 
increase this dimension by efe, and the volume by — 2X)e as before. 
A similar result is productul l)y a tensile force in the direction of d] htmee, 
for a direct tensile force in all three directions, the volume will be increased 
by 3(1 —2X)e times its original volume, and each dimension by (1 — 2X)e 
times its original value. For a compressive force in all directions the vol¬ 
ume will be (liminished in the same ratio. 

The volumetric modulus of elasticity for equal stresses in all direc¬ 
tions will be equal to the unit stress divided liy the relative strain 


3(1—2X)e or, if = volumetric modulus, Et = - 


S 


s . 


3(1-2X)e 


But — is the value of Young’s inodulu.s or E, hence, 


Er=, 


E 


3(1-2X)‘ 


( 2 ) 


If, for example, X = J, then Ev — ^E, 

* Taken from Wertheim and given in the Report of the French Commission des 
Mithodes d'Essai des MaUriaux de Conslrudiony 1895, Vol. 3, p. 6. For A for concrete 
and stone see Art. 521 and 271. 

t Omitting terms conlairiing and aa e ia a small quantity. 
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7. Shearing Deformation and Shearing Modtilus of Elasticity.— 

Let ABCDj Fig. 1, represent a very small element of a body subjected to 
the shearing stresses V. The dimensions perpendicular to the plane of 
the paper may be taken as unity. For equilibrium the shearing stresses 
V must be equal on all four faces, the couple formed by the two vertical 
forces being balanced by that 
formed by the two horizontal 
forces. The unit shearing 
V 

stress will be y = 

V 

Taking a diagonal section . 
on the line AC, it will be 
found that the stress on this 
section will be purely tt'usile ° 
and equal in intensity to Fig. i. Fin. 2. 

the shearing stress. That is, 

St — S,. Likewise on the diagonal Z)/J, the stre.^s is compressive and has 
an intensity of Sc = S.,. I'he (dement will be 'lefornnHl into a rhombus, 
as shown in Fig. 2. Assuming th(‘ diagonals to retain their original direc¬ 
tions, each side will be dtdlected through an angle 6, and the total change 
of angle of each apex of the original figure will be 26. This angular 
change is a measure of the unit shearing deformation, and the unit shearing 
stress Ss divided by this relative deformation, is called the modulus of 
dasticiiy in shear. Or, 





.S,. 


29 ' 


( 3 ; 


The value of 6 can be calculated by a consideration of the effect of the 
direct teiisiU* and c.ominessive strersses Si and S,,. The tensile stress St 

Sil 


acts to increase the length along the diagonal DB by the amount 


cos 


and to shorten the diagonal AC by the amount 


Sil 


jiK where X = 


cos 45° F 

Poisstm’s ratio. The compressive stress Sc causes a similar effect. The 
total lengthening iff diagonal DB and total shortening of diagonal AC 

'11 i 1 + (1+^) 

wdl then be equal to 


cos 45° E ■ 

From Fig. 2 the angle 6 (in radians) is practically equal to 
or, substituting from the preceding values, we have 


AE cos 45 

AF ' 


E 


- (4) 
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The modulus of elasticity in shear is therefore equal to 

T? _ ^ 

* 2B 2&(1+X) 2(1+X).^ ^ 

This equation gives the theoretical relation between the shearing modulus 
and the modulus in direct stress. 

In practice, it is difficult to determine experimentally the exact value 
of Es corresponding to the theory herein given, on account of the presence 
of other stresses than those here considered and the fact that the shearing 
stresses vary from point to point in a test specimen. However, experi¬ 
mental values correspond approximately with the theoretical values deter¬ 
mined by the above equation. 

In the case of steel, for example, ^' = 30,000,000 lb. per square inch, 

X=.27, hence from Eq. (5) E,^ = = 11,800,000. Bauschinger 

found from tests on round bars = 13,600,000, and from tests on square 
bars E^ — 11,500,000 lb. per square inch. 

8. Characteristic Behavior of Materials under Stress. —Materials 
differ very widely in their behavior under stress. Some of these differ¬ 
ences, such as (dasticity and plasticity, have already been mentioned. 
Other common characteristics arc indicated by the following terms: 
ductile, brittle, stiff, flexible, tough, malleable, and hard. 

DudiU materials are capable of being drawn out without necking 
down. Wrought iron, soft steel, and copper are ductile metals. 

Brittle materials have little or no plasticity. Such materials show little 
deformation beyond the elastic limit, and will therefore fail suddenly and 
generally without ^varning. Cast iron, stone, brick, and concrete are mate¬ 
rials that are comparatively brittle, but which have, however, a consider¬ 
able amount of plasticity. 

Stiff materials have a high modulus of elasticity, that is, a high ratio 
of stress to deformation. They deform little for a given load. Another 
sensp in which this word is used is to indicate a material with relatively 
high elastic limit. Thus, a spring made of hard steel will have the same 
deformation per unit of load as one made of soft steel (the values of E 
being the same), but it will carry a greater load than the spring of soft 
steel, as the elastic limit is higher. It is therefore often called a stiffer 
spring. Technically speaking, the two have the same degree of stiffness. 

Flexible materials will bend considerably without rupture. They have 
a low modulus of elasticity, or a low clastic limit and considerable ductility 
or plasticity beyond that limit. Willow and hickory are flexible woods. 

Tough materials will withstand heavy shocks or will absorb a large 
amount of energy. Toughness is dependent upon strength and ductility 
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or strength and flexibility. Mild steel, wrought iron and hickory are tough 
materials. 

Malhahh materials can he hammered into thin sheets without rupture. 
Malleability is dependent upon the ductility and softness of the metal. 
Copper is very malleable^ wrought iron and soft steel are somewhat malle¬ 
able at ordinary temix^ratures but may be more easily worked at a red heat. 

Hard materials offer high resistance to scratching or denting. They 
are not necessarily of great strength. White east iron and chrome steel 
are such metals. Materials which offer high resistance to 
also called hard, although they may not be highly resistant to 
Mangane.se steel is an example of .such material. 


abrasion are 
mdentatk 


MATERIALS UNDER TENSILE STRESS 


9. General Phenomena Accompanying Tensile Tests.—When a body 
of uniform cross-section is subjected to the action of a terrsile force, it is 
elongated in th(‘ direction of this force by a proportionate amount equal to 
the average force per square inch divided by its modulus of elasticity; 
thus 


^ = proportionate elongation 


E 


where e = total elongation, = force or strc.ss per unit area and £' = modulus 
of elasticity (Youiig\s modulus). At the same time its lateral dimensions 
are reduced in accordance with Poi.sson/s ratio, as described in Art. 5. 
The rate of elongation in the direction of the forcci, and contraction in its 
transverse dinifaisions, continues in strict proportion to the amount of the 
external force, until tlu' elastic limit is reached, when, both the longitudi¬ 
nal elongation and tlie transverse contraction begin to increase at a more 
rapid rate, until finally, Avith the more ductile metals, the condition of 
perfect plasticity is reached, and the body elongates under a constant 
force, while the lateral dimension.s reduce more and more, until rupture 
finally occur.s. 

If the external force or load, in pound.s per square incli, be represented 
by vertical ordinatiNS, and the corresponding elongations be represented by 
horizontal absci.ssai, thcui the action of the spt^cinien under test may be 
indicated by what is known as a stress-diagram, the vertical coordinates 
representing stress, and the horizontal coordinates the corresponding defor¬ 
mations. In Fig. 3 such stre.s.s-diagrams are shown for zinc, ca.st iron, 
wrought iron, and steel. These lie on the upper side of the horizontal 
axi.s. If the .same materials were to be subjected to compres.sive external 
forces, corresponding stres.s-diagram.s might be drawn in opposite direc¬ 
tions, that is to say, downward and to the left, as indicated in Fig. 3, below 
the horizontal axis. 
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In Fig. 4 are shown portions of these same tensile diagrams with the 
deformation scale largely magnified, so as to bring out more clearly the 
characteristics of the various curves for small deformations. It will be 
noted that the diagram for zinc is curved almost from the beginning; 
the diagram for cast iron is straight for only a short distance; the diagrams 
for wrought iron and steel are straight until the stress has reached 50 to 
60 per cent of the ultimate strength. The diagrams for zinc and cast 



Fig. 3.—Typical StrcHS-tliaKriiins of Rolled Zinc, Cast Iron, Wrought Iron, anil Steel in 

d\;iisinn and (^onipri'.SHinn. 

iron are typical for materials of a noii-homogeneous nature. Stone, 
brick, cement, coiicri'te and some of the brasses and bronzes behave in 
much the same way, as shown by the diagrams in Art. 272, 300, 519 and 
Ch. XXVI. Many of the more ductile metals behavt' in a manner 
similar to the wrought iron and soft stead; when the point of plasticity 
is reached (Y.P.), a considerable deformation occurs with little or no 
increase of load, thus giving a horizontal notch in the curve. 

10. The Significant Results of a Tensile Test. —There are eight signi¬ 
ficant results of a tensile test, namely: 
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1. Elastic limit. 5. Percentage reduction in area. 

2. Modulus of elasticity. 6. Modulus of resilience.* 

3. Ultimate strength. 7. Energy of rupture.* 

4. Percentage elongation. 8. Character of fracture. 

11. The Elastic Limit and Its Indices. —In Art. 3, the elastic limit was 
defined as the maximum unit stress below which the material would fully 
recover its form on removal of the load. Since the determination of this 

critical stress involves a large __ 

number of applications and 
removals of loads, each some- 

what larger than its predcces- --- 

sor, such determinations are _v __ T _ 

tedious and rarely made. f _ / v _wi.«g»>t ir.n 

Approximations of the elastic ^ | / 

limit are obtained from the ^ //i y.. 

proportional limit, yield | -j . _ _ _ _ 

point, and yield strength. « 2 o.«»o_; _ .. 

The proportional limits Fig. 4, | ///^ _ 

a very close approximation of h /// ur.iiuj zl»c 

the clastic limit, is the maxi- g ^.. 

mum unit stress within which - 

the ratio of stress to dt?forma- ____ 

tion IS constant, bince the umt Eimuation 

etress-diagram departs from 4._Typical T.,-n,silL. Stress-diagrams fnr Il„lh-d 

a straight line at the propor- Zinc, Cast Ifdh, Wrought Iron and Steel iu 
tional limit, the latter may Enlarged Scale 
be determined from a large- 

scale diagram. This value is often reported as the elastic limit. 

In materials like timber, stone, and concrete, the el astic limit is ^ w, 
since these materials show small permanent defoTmatTons or sets after low 
loads and exhibit stress-diagrams which curve near the origin. For most 
metals, there is little or no se t at low loads, the lower portion of the stress- 
diagram is sensibly straight, and the elastic limit and pro^uwiuiTjOBTiWlucn 
are relatively high . However, the exact point of departure of the curve 
from a straight line is difficult to determine, and its location depends on the 
precision of the observations and to some extent upon the scales of the 
stress-diagram. The proportional limit is not, therefore, quickly deter¬ 
mined. Hence in routine testing of wrought iron and structural steel the 
customary practice is to determine the yiddpoint, th e^ first uiiit^tre ga at 
which deformation cpntjjLqes 3 yi tho^ an in crease in loaoTllie yield ‘ 
pointTs''MWaysmgher than the ^stic and proportlona^llimits, commonly 
5 to 15 per cent in structural steel. 

* Defined on p. 40. 


Unit ElD[ii;atloQ 


Fio. 4.—Typical Tciisih; Str(‘.s,s-diagramH fur Rolled 
Zinc, Cast iron, Wrought Iron and Steel iu 
Enlarged Scale 
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To arrive speedily at a rough estimate of the elastic limit of metals like 
copper, aluminum, an d their albys , having no yield point, determinations 
are now made of ih ^ield stre^tfi) The yield strength is the unit stress 
corresponding to a small prescribed set. Thus, if a set of 0.001 in. per in. 
is specified, the yield strength may be found from the intersection of a line 
drawn 0.001 in. per in. from and parallel to the initial portion of the stress- 
diagram (see Y.S. Fig. 5). The proximity of the yield strength to the 
proportional limit is dependent upon the magnitude of the set prescribed. 

Specifications for acceptance tests of metals sometimes require that 
the metal must develop a certain proof stress within a certain elongation. 
For example, structural steel might be required to sustain a proof stress 
of 30,000 lb. per sq. in., with a unit elongation not greater than 0.0012. 



Fig. 5. —Stress-diagram of Hard-drawn Steel Wire. {Tests of Metals^ 1890.) 

The original author of this work proposed that, in view of the difficulty 
of determining the elastic limit, an apparent elastic limit be taken on the 
stress-diagram at a point at which the rate of deformation is 50 p er cent 
gr ater t han at the origin. This apparent'eiasfic limit would approximate 
thi^yielTjmmt in materials having such a point and would give a reasonable 
elastic limit for such materials as cast iron or hard steel, for which this 
diagram shows a very gradual curvature. This meritorious criterion 
would accomplish the following results: 

1. It always fixes one and the same well-defined point. 

2. This point always corresponds to a permanent deformation so 
small as to be, for many practical purposes, the elastic limit. 

3. It is equally applicable to all kinds of tests, whether on sped* 
mens or structures, where deformations can be correctly measured. 
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Although the 50 per cent increase in the rate of deformation 
is purely arbitrary, it is not large enough to fix a point having an 
appreciable set; but it is large enough to fix a well-defined point on the 
diagram. 

Figure 5 illustrates the relation between the apparent elastic limit as 
here proposed and the elastic hmit and yield point. 

12. The modulus of elasticity is determined from the initial slope of 
the stress-diagram within the elastic limit. In finding this slope, the 
tangent of the angle between the curve and the deformation axis can be 
easily evaluated by using a multiple of unity as the deformation value. 
Thus, entering Fig. 4 with a unit deformation of 0.001, the corresponding 
unit stress for steel is 30,000 lb. per sq. in.; hence A-=30,000-h0.001 = 
30,000,000 lb. per sq. in. If an initial load is used, the slope may be 
easily read from a line drawn parallel to the original curve. 

In materials having a curved diagram almost from the beginning, the* 
modulus of elasticity is not so readily defined or determined. For very 
small unit stresses, it is taken as the slope of the tangent at the origin. 
Sometimes, however, as in concrete, the actual working stresses he some¬ 
what above the straight portion of the diagram; there will actually be a 
shght permanent set in such material under working loads. In such a 
case it is desirable to consider the mojjilus^ of elasticity to be the slope of 
the sec ant lin e (see Fig. 17, Chapter^\lVj)ij^ ^ irorn the origin the 
poi nt in the curyp coi ij ffiaponding to the unit stress {S) in question The 
slope of this line is then called the modulus of elasticity at the unit stress S. 
This use of the term modulus is especially applicable to problems in rein¬ 
forced concrete. 

13. The ultimate strength of a specimen under tension is obtained by 
dividing the maximum load, which occurs at or just before rupture, by 
the original cross-sectional area. It is shown as the maximum ordinate 
on the stress-diagram. For plastic metals the cross-section at fracture 
is a third to a half the original area. Therefore, owing to such cold 
working of the metal, the act ual breaking strength, fo und by div iding 
the bre aking load by jhejfin u^are^ two to three ti mea,JJtft..ailtimate 
strengtln 

^■"HTThe percentage of elongation is found by dividing the increase in 
the gage length measured across the fracture by the original gage length. 
In the United States and England the standard gage length is usually 
8 in. In Germany and France it is 20 cm., nearly the same length. The 
elongation of a specimen of plastic metal may be divided into two portions: 

(а) the elongation which is distributed uniformly along the length; 

(б) that part which *^is non-uniformly distributed in the vicinity of the 
fracture. Thus in Fig. 6 all specimens of one set were originally of the 
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length indicated by the untested specimen which stands on the left side of 
each group. The specimen next adjoining it on the right has been 
stretched to the limit of the elongation indicated in (a) above, or until there 
is an indication of a local reduction of area. The right-hand specimen in 
each group shows the local elongation and reduction, but the specimen 
has been removed from the testing-machine before rupture occurrred. 
The middle specimen of each group has been tested to the ultimate strength 
of the material, since, when the specimen begins to reduce locally, the 
ultimate strength has been passed, and the stress diagram begins to fall, 
or it is developed under a diminishing load. 

By the amount, therefore, that the right-hand specimen in each of these 
groups is longer than the middle specimen of the group, by so much has 



Fro. 6.—Showing the Neekiiig-dowii Action of Steel Bars before Rupture. 
(Tetinajer, vol. 4.) 


the length been increased by the load drawing out on the section where 
failure will finally occur. The first elongation, therefore, is that portion 
which is uniformly distributed over the specimen, and the second is that 
which is concentrated in the vicinity of the final failure. Both of these 
elongations are, however, measured and included in the total elongation, 
from which the percentage of elongation is determined. The total elonga¬ 
tion is obtained after rupture has occurred, by placing the two ends together 
and measuring the distance between the primitive gage-marks. In the 
case of specimens having shoulders at their ends the gage-marks should 
he at least ^ hi. inside of the shoulder, since the metal adjacent to the 
shoulder does not elongate fully, because of the strengthening effect of 
the enlarged cross-section at the ends. 

It will at once be apparent from a study of these specimens that the 
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(b) elongation, or that which is locally developed in the vicinity of final 
rupture, is nearly the same in all these specimens; whereas the (a) elonga¬ 
tion, or that which is uniformly distributed over the specimen, is always 
directly proportional to the length. The total elongation therefore, will 
not be proportional to the length. In other words, the percentage of 
total elongation will be greater for the short specimen than for the long 
ones. This shows the necessity of using standard lengths of these speci¬ 
mens when the percentage of elongation is to be found. 

The percentage of elongation is the result which indicates the ductility 
of the material, this being one of the most important qualities of the 
metals used in structural designing. 

16. The reduction of area of cross-section is found by determining the 
area of the broken cross-section, subtracting this from the original area of 
cross-section, and dividing the difference by the original area. This is 
not so important an indication or result as the others described above, 
but it is customary to determine it, and to add it to the record. For 
the ductile m etals this reduction of area may be as much as from 50 to 
60 per cent^ the original cross-section. ’ 

16. Failure^ Tension.—Illustration of the types of failure common 
to brittle and ductile metals may be seen in Fig. 6, Chapter III. In 
general, for ductile homogeneous materials the tensile elastic limit is 
reached when the shearing stress on any plane through the bar reaches 
the shearing elastic limit. Evidence of this is seen in the appearance 
of fine lines called Luders lines on the surface making angles of approxi¬ 
mately 45° with the axis of the test-piece. The fracture of a ductile bar, 
like soft steel, shows a full cup and cone, the base angle of the latter 
also being about 45°. In the medium steels the cone is truncated, showing 
that the failure is partly shear and partly tensile. For very hard steels 
and other brittle materials the fracture is square across, showing that 
failure is due to tension. 

P 

Since the unit stress in shear on a 45° plane is it follows that we may 

expect a cone or truncated cone fracture whenever the ultimate shearing 
strength is less than half of the true tensile strength * (i.e., tensile load 

* If we cut an oblique section through a bar under tension or compression and place 
upon the cut section equilibrating forces normi:! and tangential to it, the magnitude 
of the tangential component is P cos 9 and the intensity of shear stress is 

Ss=P COS B ^— , or 45s = — sm 29: 

sin 6 2A 

where P»=end load, A = area of cross-section, and 0 = inclination of cut tp bjob of bar 

p 

Sm =—. a maximum value when (^=45'’. 

2A 
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divided by minimum area). When the true ultimate tensile strength 
is less than twice the shearing strength a square break will obtain. 

Peculiarities in fracture will be further considered under tests of 
various materials. 

MATERIALS UNDER COMPRESSIVE STRESS 

17. Two Classes of Engineering Materials. —Engineering materials 
may be divided into two general classes, according to their manner of fail¬ 
ure in rompression. 

Plastic or viscous materials are those which will flow without showing 
any other indication of failure. 

Brittle or comminuible materials are those which will crush to a powder, 
or crumble to pieces, or fail by shearing on definite angles under a com¬ 
pressive load. 

In the former class are such materials as wrought iron, soft and medium 
steel, the alloys, lead, copper, zinc, and the like. Of the latter class are 
cast iron, hard or tempered steel, brick, stone, cement, etc. The laws of 
failure of these two classes are very different, and they will, therefore, 
have to be discussed separately. 

IB. Crushing Strength of Plastic or Viscous Materials. —There is no 
^such thing as an “ ultimate strength,in compression of a plastic body. 
There is, however, a definite yield point, the same as in tension. Beyond 
this limit the material simply spreads, and increases the area of its cross- 
section indefinitely under an increasing load, as shown in Fig. 11, Chapter 
III. This elastic limit in compression for wrought iron and steel is, for¬ 
tunately, about the same in pounds per square inch as the elastic Umit in 
tension. It is not customary, therefore, to test such ma¬ 
terials in compression, but to assume that they have the 
same elastic limit in compression which they are found to 
have in tension, 

19. The Law Governing the Strength in Compression 
of a Brittle or Comminutible Material. —Experiments show 
that all such materials when subjected to a compressive load 
fail by shearing on certain definite angles. The resistance 
to movement along these angles is made up of two parts; 
first, the strength of the material to resist shearing; and 
second, the frictional resistance to motion along this plane. 
The sum of these two resistances must equal the shearing 
component of the load imposed when resolved along the 
shearing plane. To find what this angle should be, we 
may equate the two resistances here described with the shearing force, 
and find the angle of rupture, the determining condition being that 
this angle shall be that which offers the least total resistance to failure 



riG. 7. 
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under a crushing load. This angle may be found in the following 
manner: 


Let iSj = shearing strength of the material per square inch; 
A =area of prism = 1 sq.in.; 
d = angle of rupture; 

Sc = crushing load per square inch. 


The tendency to slide on the plane of rupture is Sc sin B. 

The resistance to sliding is S, sec 6+fSc cos 0, where / is the coefficient 
of friction = tan 0, where 0 = angle of repose. Hence, at failure, 

Se sin 0 = iSi sec d+fSc cos 0 .(6) 

It is evident that the angle of rupture will be such as to cause failure 
under the least load; hence if 6 be taken as the independent variable, we 
shall have at rupture 


dSc 

~dd 


= —Ss(cos^ 0—sin^ 0+2f sin B cos 0)^0, 


or 


/=- 


cos^ 0 -sin^ 6 cos 26 


2 sin 6 cos 6 sin 20 
Whence, since / = tan 0, we have 


= “ cot 26. 


• - (7) 


tan 0=—cot 20=—tan (9O°-“20) =tan (20—90°), 
or 

0 = 20-90“ and 0 = —^"^^ = 45°+^.(8) 


That is to say, the angle of rupture is 45° plus one half the angle of repose. 
If the friction had been omitted, we should have had 


Sc sin 6 = Ss sec 0; 


whence 


de 


(cos2 0—sin^ 0)=O; 


whence cos^ 6 = mn^ 0, or 0 = 45°. ..(9) 

It has been customary to neglect the friction, and to state that the 
planes of rupture make this angle of 45° with the horizontal; * but the 
actual plane of rupture, when the specimen has sufficient height, is about 
55° with the horizontal, or 35° from the direction of the applied load. (See 
Fig. 13, Chapter III, showing tests on sandstone made by Prof. Bauschin- 
ger.) Mr. Charles Bouton has shown t that the theoretical angle of 

* Coulomb is responsible for this theory, while Navier has given the true analysis. 
Most writers, including Rankine, have followed Coulomb, however. 

t In a thesis for the degree M.S. at Washington University, 1891, entitled Theory 
and Experiments on the Laws of Crushing Strength of Short Prisms. 
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rupture is borne out in practice with many kinds of materials. (See Fig 
12, Chapter III, for photographic views of crushed specimens of cast- 
iron cylinders of various heights, showing angle of rupture.) 

The following table gives the results of Mr. Bouton’s determinations oi 
the theoretical and the actual values of this angle; 


MBtnrial. 

N umber 

□r 

Experiments. 

Obsi;rviid 

Angle 

of Rupture. 

3 

Obsnrvrd 
Angle 
uf Repose. 

0 

Tiiporetical 

Angle 

of Hlipture. 
45“+|- 

DifTerencea. 

“ F.’’ rast iron. 

24 

54°.8±0°.2 

20“.6 

55°. 3 

-0°.5 

" C. W.” oast iron. 

24 

55 OzbO .2 

16 .9 

53°. 4 

-hi .6 

Limestone. 

4 

62.2 

33 .4 

61 .7 

+0 .5 

Asphalt paving mixture. 

a 

59.7 

27 .3 

58 .6 

+ 1 -1 

Milwaukoci urink. 

4 

58.2 

27 .0 

58 .5 

-0 .3 


The F.” cast iron was good foundry iron, having a tensile strength 
of 22,000 lb. per square inch and a modulus of elasticity of 14,500,000 
lb. per square inch; the C. W.” iron was car-wheel iron, having a tensile 
strength of 20,000 lb. per square inch and a modulus of elasticity of 
6,500,000 lb. per square inch, or less than one-half of the former. 

20. Relation of Crushing Strength to Shearing Strength.—To show the 
relation of the crushing strength to the shearing strength, we have, from 
equation (6) in the previous article, 

Ss = Seisin 0 cos 6—f cos^ d); 
also, from equation (7), 

_cot 20— —— 0—sin^ 0 

sin 26 2 sin 6 cos 6 ' 


Substituting this value of /, we find 


or 


Sc cos 0 
2 sin 9 


= ^Sc cot Of 


( 10 ) 


Sc = 2Ss tan 


( 11 ) 


This relation was also shown by Mr. Bouton to be well borne out in 
tests. 

21. Column Action.—If the length of a compression member is more 
than ten times its least lateral dimension the member is likely to bend and 
the intensity of stress on the concave side of it will be augmented by the 
bending stress which arises from the eccentricity of the load. Strictly 
the liability to lateral bending is dependent primarily upon the ratio of 
the length oi the column to the least radius of gyration of the cross-section 
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—the slenderness ratio. In the short columns, where the slenderness 
ratio is less than 125, the effect of the lateral bending is of small moment; 
but in long columns it may be the controlling factor. Other factors which 
influence column action are the condition of the ends, the homogeneity 
of the member, stiffness, and the position of the load with respect to the 
center of resistance of the column. 

There are four types of end conditions which are common: Round 
end—the end is free to rotate; fixed end—the axis of the column has a 
fixed position near the column end; square end—end of column and abut¬ 
ting surface are perpendicular to the axis; pin end—rotation of the column 
end is permitted in one plane only. Fig. 8 illustrates the behavior of a 
column under these different end conditions. These tlieoretical conditions 
are not realized in practice. In the rourid and pin-end columns friction 



Fig. 8 . — EITiict.^ of ViiriQu.^ Type.s of Eii I Couililions on tlii' Br^iuliiiji!; of C-oJiinms. 


at the bearings produces restraint; on the other hand no support is suf¬ 
ficiently rigid to produce a fixed end. 

Owing to the uncertainty regarding conditions at the ends, regarding 
action between parts, and regarding the position of the load with respect 
to the axis of the column, theoretical analyses of column action are more 
or less rough and the main reliance of the designer is the information gotten 
from tests. The more important formulae for columns under axial loading 
will now be very briefly considered. 

Euler'c Formula .—For straight and homogeneous long columns under 
axial loading a rational formula is that derived by Euler 


P mE 



( 12 ) 


where P = critical load which produces failure of the column by lateral 
bending. .4 = area of cross-section, m = a constant depending on and 
conditions (theoretically m = 7r^ for round ends, 4?!^ for fixed ends, and 
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2.05vr^ for one end fixed and the other round. With conditions of practice, 
m = for square ends and I^tt- for pin ends, £' = modulus of elasticity and 
Z/r = slendfTnes.s ratio. Since the formula considers failure due to lateral 
flexure only ajid contains no term related to the compressive strength, it 
cannot he used to design or investigate short columns. Whenever the 
value of P/A computed by this formula exceeds one-third of the ultimate 
compressive strength of the material, Fig. 9, the result should be rejected 
and another column formula used. Safe loads are derived from this 
formula by dividing P by a suitable factor of safety. 

The secant formula is the most precise column formula, but it is also 
unwieldy to use. For an ultimate load eccentric to both principal axes, 
this formula for steel columns with both ends round is 


P 

a' 


. eifi Ip l e2C2 I P I 

IH—“ sec -- \ ---^ — 

^AE:2ri r2^ 


(13) 


ri 


AE 2r2 


where P = ultimate load, A = area of cross-section, /^5„=3deld point of 
material, ei = eccentricity of load from axis 1-1, Ci= distance to outer 
fiber from 11, ri= radius of gyration about 1-1, Z = the free length of the 
column, and P = modulus of elasticity. The subscript 2 refers to the 
2 2 principal axis. For round end columns of structural steel with 

... , P 36,000 

eccentricity in one plane, =- j ====— is an accurate 


ec 

1+— «ec 




F/A I 


' 29,400,000 2r 

formula.* For flat ends 0.56Z should be substituted for 1. 

Rankine's Forjnula ,—A semi-rational formula which holds in a very 
rough way for a wide range of slenderness ratios is 

^ .(14) 


1 + 


©• 


where P = ultimate load, A = area of cross-section, *S = the ultimate com¬ 
pressive strength of a short prism, i^ = an empirical constant, deptmding 
upon end conditions and kind of material, and Z/r = slenderness ratio. 
For roughly determining ultimate strength of structural steel columns, 


*S may be taken at 40,000 Ib./in.^, for pin ends = 

1 


18,000 


, and 0 for flat 


ends=- ^ ^ 

36,000 

Straight Line Formula. —T. H. Johnson worked out a straight line 
formula which, in conjunction with Euler’s formula, gives results approxi- 


• Sec Report on Steel Column Research, Trans. A.S.C.E., Vol. 98, p 1388. 
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mating the breaking values got by Tetmajer from experiments on medium 
steel struts. The formula is 


A r 


(15) 


Here (7=the slope of the tangent 
to Euler's curve at the point 


where 


I /3mE\ 


^ ^ P s 

M,d -- 3 , O, 


s 


\ s J 

I : P= the ultimate 


^ 3^3mE/ 

load; A = area of cross-section; = 

ultimate strength of short prism; 

I 

- = slenderness ratio; and m = Tr‘^, 



IfTT^ and 2 ^ 7 r^ for round, hinged 9 

and flat ends, respectively. Fig. 9 

shows the straight line and the tangent Euk^r curve. Johnson's constants 
for steel and cast iron are given below. The data for the duralumin is 
from the ALCOA Structural Aluminum Handbook, in which pin ends have 
been considered equivalent to round ends. 


Kind of Column. 

S, lb./in.* 

C, lb./in.* 

Limit of“. 
r 

Cast iron; 




Flat ends. 

80,000 

438 

122 

Duralumin (17 S-T) 




Fixed ends. 

43,800 

175 

106 

Round ends. 

43,800 

350 

83 

Structural steel: 




Flat ends. 

52,500 

179 

195 

Hinged ends. 

52,500 

220 

159 

Round ends. 

52,500 

284 

123 


The straight line type of column formula, on account of its simplicity, 
found considerable favor among architects and engineers; and such formula 
have been used in sjjecifications and in the building laws. 

The Parabolic Formula .—From a thorough study of the results of a 
large number of tests by M. Consid^.re on small steel bars, from tests 
by Tetmajer on a variety of steel and iron sections, and from his own tests 
on timber, J. B. Johnson concluded that the strength of short columns 
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was limited by the yield point of the material.* 
ing formula 



He proposed the follow- 


( 16 ) 


This is the equation of a parabola which is tangent to Euler’s curve if 

. The ordinate of the point of tangency is ~~ and the correspond- 
•' 4rnK 2 

( 2rnE\ 

- In the above expressions P = ultimate load; 

Su / 


.4 = area of cross-section; compressive yield-point; - = slenderness ratio; 

r 

m=l.C) 7 r- and 3.07r“ for columns with hinged and flat ends, respectively; 
and E = the modulus of elasticity in compression. For structural steel 
= 36,000 lb./in.“, /=0.72 for pin ends and 0.36 for flat ends, and the 
limiting values of l/r hjr pin and flat ends are 158 and 224, respectively. 
Numerous tests of rectangular columns with round ends at the Forest 

P 

Products Laboratory indicate that an eighth power parabola — = 




P ir^E 

, and the tangent Euler curve, — = 777 --, best measure 

A 12{l/d)^ 

the strengths of timber columns with round ends. In these expressions 
S is the average ultimate compressive strength of short prisms, d is the 

1 ('.ast d 1111 e.n s 11 ) n, K = 


4\:hS' 


, and the other terms have the significance 


previously stated. The ordinate at the point of tangency of these two 
curves is 0.8 aS and the abscissa is a value of l/d equal to K. For values 
of L/d l(\ss than K/2 the strengths of timber columns are nearly constant 
and equal >S. 

l'\)r a working formula, the above laboratory has developed the fourth 
power piirabola and corresponding Euler tangent given in Art. 249. This 
fourth powi^r parabola has a factor of safety approximating 4 and its 
Euler tangent a factor of safety of 3 based on the formulae for ultimate 
strength of round end columns. In applying the formula to building and 
bridge construction, no allowance for end restraint is recommended, 
hence for long columns with restrained ends the actual factor of safety is 
somewhat greater than 3 . 

Of the simple formulae for the strength of axially loaded columns, 
those of the parabolic type are the most accurate. 

\ oonclusion which the rc.sults of recent tests on large columns at the Bureau 
of Standards Laboratory reaffirms. See Engr. News, Vol. 75, p. 190; also Vol. 76, pp. 
49 and SI. See alsp Jleport on Column Research of A.S.C.E., loc. cit. 
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MATERIALS UNDER SHEARING STRESS 

22. Two Manifestations of Shearing Stress. —Whrn all the opposing 
external forres which act on a body lie in one plane,* but not in the same 
line, the resisting stresses are those of simple shear and cross-bending, 
without torsional stress. 

When the opposing external forces do not lie in one plane the resisting 
stresses are those of torsional shear, with or without cross-bending and 
simple shear. 

In any case these three kinds of stress arc determined separately, as 
follows: 

(а) For Parallel External Forces in One Plane. —The moment of 
resistance of the bending (direct) stresses at any transva^rse section is (‘qual 
to the algebraic sum of the moments of tla- external forces on either side of 
that section taken about the neutral axis in that section. 

The sirnplf^ shearing stress on any section is equal to the alg('braic sum 
of the transverse comi)onents of the external forces on cillier side of that 
section. 

(б) For Parallel External Forces Not in One Plane.- First re])lace all 
the forces by equal parallel forces acting in tlie plane of the axis r^f th(‘ body, 
and by couples equal in value in each cast^ to the fo;c(‘ multiplied by 
its displacement. Then the moments of resistance and the sinqile shearing 
stresses will be the same as in the last case, and in addition there will be 
the moment of torsion. 

The torsional rnomxnt at any transverse section is (M]iial to the algel)raic 
sum of the moments of the couples of the displataal fori'cs, acting on either 
side of the transverse section in question. 

(c) For Non-parallel Fforces Aciinrj in Any TfaAi/ur.—Resolve all forces 
into horizontal and vertical components at their points of application, and 
then solve for bending moments, and torsions at any section in these 
two planes. 

The bending moment at this section will then be the square root of the 
sum of the squares of the bending moments at right angles to each other. 

The total shear will also l)e the square root of the sum of the sriuares of 
the primary shears at right angles to each other. 

The total moment of torsion wdl be the algebraic sum of the two 
moments of torsion found from the two sets of forces. 

23. Shearing Stress Due to Torsion. —In a solid or hollow member 
of circular cross-section the twisting moment produces shearing deforma¬ 
tions which, at any transverse section, vary from zero at the axis to a 
maximum on the surface. the member is not defonned beyond its 

• When a force is dislribul ed over an area it is here suppo.sed to act at the center 
of gravity of these force-elements. 
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elastic limit the shearing deformations vary directly as the distance from 
the center of the cross-section, consequently the intensity of stress varies 

in a like manner, Fig. lOn. 
If Ss is the intensity of 
stress on the outer fiber of 
a shaft having a radius r, 
the moment of stress on 
any element da at z dis- 
. . Sz^ 

tance from the axis is —da 
r 

and the total moment of all 
r 




stresses is 


where J is 


Fin. 10. —The Relation of Unit Shear Stress to Unit the polar moment of inertia 
Deforn.ation in a Solid Round Shaft (a), Stresses CrOSS-section about 

Within Elastic Limit (b)j Overstrained. ,, rr*,. ■ ,i . , 

the axis. This is the resist¬ 
ing torsional moment and must equal the external twisting moment ilft, or 


Mt = 


SJ 


(17) 


For a sohd round shaft J = and for a hollow shaft with inner radius ri, 
J=^7r(r^-ri^). 

Formula 17 does not hold exactly for sections other than circular. 
For other sections approximate values of the factor ^ may be computed 

from the radius of the inscribed circle. Thus for a square shaft, with 
sides the exact anal 3 ^sis gives Mi = 0.20835 which is about 5.9 
per cent greater than the value for a solid round shaft of diameter d. 
For a solid elliptical shaft of major axis a and minor axis b the exact 

value for Mt = ^Ssah‘^, If a = 25 then the exact value of Mt is double 

that for a round shaft of diameter h. Similarly for a rectangular shafts- 

Ml where a is the length of the long side and h the length of the 

short side. The greatest intensit}" of stress in an elliptical or rectangular 
shaft occurs at the ends of the minor axis. 

If the shaft is deformed beyond its elastic limit the shearing deforma¬ 
tion increases approximately as the distance of the fiber from the axis 
but the intensity of stress does not vary directly with the unit shearing 
deformation, Fig. 106. Values of the ultimate shearing stress in torsion 

cannot, therefore, be computed from Upton * has made a 

* Sue Matprialii of Cmsirudiort by Upton, p. 52. (Out of print.) 
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mathematical analysis by which the true intensity of shearing stress in a 
solid round shaft may be gotten as follows: In Fig. 11 the full-line curve 
represents the relation of unit stress *S»s on the outside fiber to the unit 
deformation of the same fibei. In plotting this curve Ss is computed by 
formula 17 and e, must be deter¬ 
mined from experiment. The true 
stresses are represented by ordinates 
to the dotted line. To find the true 
stress DB^ corresponding to a unit 
shearing deformation on the surface 
= ADj draw BD perpendicular to 
AD, prolong the tangent at B until 
it intersects the & axis at C; then 

Fk;. 11 . —Melhoil of Finding True Unit 

DB' = DB -For ductile ma- Shoar Slmsy in vn Ovnistrniried Solid 

^ Round Shaft (Upton), 

terials the shearing stress-deforma¬ 
tion curve is approximately parallel to the deformation axis at the maxi¬ 
mum Ss, therefore the true ultimate shearing stress is 



s.'=\^=An 

4 J 




(18) 


For hollow shafts of ductile material in which the thickness is less than 
a fifth of the outer radius the intensity of shearing stress is approximately 
uniform throughout the cross-section when the shaft is stressed to the 
ultimate, therefore the maximum unit shearing stress is approximately 


S.= 


2Mt 


7r(r-t-ri)^(r-ri)' 


(19) 


24. Shearing Deformations. —As shown in Art. 7, a shearing action 
of external forces results in angular deformation of the body. In the 

case of simple shear, or where the forces 
lie in one idane, the angular deforma¬ 
tion from shear is very small, the bending 
being mostly due to the longitudinal 
deformations resulting in the direct ten¬ 
sile and compressive resisting stresses 
on the two sides of the neutral plane 
respectively.* When the forces do not lie 
in one plane, or when there is a moment of 
torsion, the angular deformation gives rise to a twist of the body about the 
longitudinal axis. Thus in Fi^ 12 assume the solid cylinder, anchored at 0, 
to have a length I and a radius r. Let the torsional moment be Pa = Mt. 

* Shear in beams will be discussed in Art. 28. 
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Mfr 2Pa 

Then Ss= "7"= ""r- 
J irr'^ 

an outside fiber e^^rdll. 


From Fig. 12 the unit shearing deformation of 
From Art. 7 u = hence 


6 = 


Ml 

EJ 


( 20 ) 


In Ihe above anil subsequent expressions 6 is in radians. Formula 20 
holds for hollow or solid round shafts for stresses within the elastic limit. 

The angle of twist for a square shaft of side d is 0 = 7.11 or 43 per cent 


more than 6 for a solid round shaft. For an elhptical section 0 = 


A^E. ■ 

A is the area of cross-section, and J is the polar moment of inertia. This 
is also an approximate formula for the twist of rectangular shafts. 

Both the torsional stiffness and torsional strength of shafts of any cross- 
section can be accurately determined from soap film experiments (sec 
lieport 334 of II. H. National Ad\isory Committee for Aeronautics). 

Tlie fracture of ductile materials under torsion is generally square 
across. Wrought iron and some of the brasses show a rope-like twisting 
of the fibers before a square break ensues. Brittle materials like cast iron, 
stone, brick and concrete exhibit a liehcoid fracture. These substances 
being weak in tension really fail through the secondary tensile stresses 
which are produced by two pairs of shearing stresses acting in planes 
tangent to the surface of the shaft. One of these pairs of forces acts per¬ 
pendicular to the surfac(‘ elements; the other pair acts parallel to the ele¬ 
ments. Consequently on a plane at 45° with the axis of the shaft, there 
is produced a unit tensile vstress St winch is equal to the intensity of the 
shear stress (Art. 7). 


MATERIALS UNDER CROSS-BENDING STRESS 

25. Fundamental Principles.—When a member is bent by forces 
ap])lied transversely with respect to its axis, cross-bending stresses are 
produced. The simplest system of forces which will cause such stresses 
is a coplanar parallel system acting in a plane containing the longitudinal 
axis of the member. Such a member is called a beam. Frequently 
beams are horizontal, the loads are produced by gravity pulls on suspended 
masses and the supporting forces are upward. Under the action of these 
forces thi‘ beam is bent and observation shows that the fibers on its con¬ 
vex surface are elongati'd, those on its concave surface are shortened, 
and that there must be a plane of fibers between the convex and con¬ 
cave surfaces which suffers no deformation. This plane is called the neutral 
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Fit;. 13. 


surface. Hence tension exists in the fibers between the neutral and the 
convex surfaces and compression exists in the fibers between the neutral 
and the concave surfaces of the beam. 

It will be assumed that the beam is symmetrical, initially straight, 
homogeneous, of material having 

equal stiffness in tension and com- |' | “ | “ | * 

pression, that it is not stressed * * ^ * 

beyond its elastic limit by the loads, 1 

that the bending is slight, and that j 

the plane of the external forces coin- t 1 T 

cides with a plane of symmetry. If j 

the beam is severed transversely it .p, .p, I 

will be necessary, in order that 1 1 I « _^ 

equilibrium may obtain, to place a ' 

system of forces on either cut surface — Ne..trai surtace _JLA_ _n 

similar to that shown in the lower _r 

part of Fig. 13. Then from the ^ Iv 

principles of Statics we know that: 

1. The vertical shear V equals 

the sum of the vertical forces on the left of the cut; 

2. The total compression C equals the total tension T] 

3. The sum of the moments of the tensile and compressive stresses on 
the portion shown equals the algebraic sum of th(^ moment of the external 
forces to the left of the section. 

From experimental evidence it is known that the unit deformations 
vary direc’tly as the distance of the fiber from the neutral surface, conse¬ 
quently the intensity of stress varies in like manner. 

From these considerations it is easily shown that the total horizontal 

stress on the cut is ^= 7. ydOi where S is the unit stress on the extreme 

C Cl 

fiber at c distcnce from the neutral axis, y is the distance from the neutral 
axis to any elementary area (Fig. 13) and the summation is taken for the 

s. 

entire cross-section. Since - is finite it follows that yda = 0, or the neu- 

tral axis must pass through the center of gravity of the cross-section. 

26. Resisting Moment Equals Bending Moment. —Taking moments 
of the stresses about the trace of the neutral surface (n—n) and using 

S S 

same notation, we have Mr = - 2. Since the resisting moment 

C pi c 

(Ms) equals the bending moment (Af) there results 


( 21 ) 
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For selertinn; a to carrying a given loading S is known and M can be 
computed by taking the algebraic sum of the moments of all forces on either 

side of the dangerous section^ therefore ^ may be ascertained and the 

section designed. To determine the safe load for a given beam; S, I 
and c are known or may l)e computed and AI is exprivssed in terms of the 
unltnown load which can then be found. The third type of problem con¬ 
sists iJi finding the unit stress at a certain section of a given beam. In 
this problem M is computed for the given section; I and c are known and 
can be determined. 

Values of the moment of inertia and resisting moment for several 
common beam sections appear in the following table. 


Form of 
Crns.s-siMit.ion. 

1 

of Coiitrr 
oi fjra\ity, or 
Noulral Axis, from 
till’ Most Diaiaiii 
Fibor. 

= c 

Momoiila of Inertia 
about tlie Centor of 
Oravity nf thir 
SL'ution. 

=./ 

Moninnt of llRsistann' in Ti rins 
of till- Slri'Hfi in IIir Most 
Distant rif)L‘T. 

= Mf = - 

' r 

h; 

d 

12 

u 

Qt: 

d 

2 

TTff* 

04 


U - b ...H 

n 

bh> 

30 

rhsbh^ 

24 


2 

d* 

12 

—^S(P 

0 V2 

ft '' 

i'^1 

A 

. ] ^ 


hh^-{h-n 


12 

{jh 

i 

A "■ - 

. V .. . 

'. I 

-H i 

} 


hh^-{h-n[h-f)^ ^ 

ST 

c 

t'h 


h 

. t h 

h' 

h+2h' h 

6 + b' 3 

, rnb+f/ 

''1 13 lS(b+6')j 

G 1 2(b+2b0 (*>+2b)J 

i 
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When the plane of the loads does not contain an axis of symmetry of the section, 
then the neutral axis is not in general perpendicular to the plane of the loads and the 
above formula arc inexact. In such eases the principal axes of the section (see Moment 
□f Inertia in Applied Mechanics) may be determined; the bending moment is resolved 
into the planes of these axes; and the unit stress on a given fiber is found by adding 
algebraically the stress dueto each moment considered separately. In finding the stress 
due to a component moment, the neutral plane for that moment is the plane of the 
principal axis perpendicular to that moment. Thus if x and y are the principal axes 
of the section and the 2 -axis coincides with the longitudinal axis of the beam, 


Mylfl MxXl ^ . 

oi =—— H—I . Where /iSi is the unit stress on fiber whose coordinates are xi and yi 
lx ly 

with respect to the principal axes, Mx is the component of the V)euding moment in the 
xz-plarie, My is the component in the y^-plane, Ix is the momeiib of inertia about the 
X-axis and ly about the i/-axis. 


27. Stresses in Overstressed Beams.—The flexure formula 21 does 
not hold for beams of materials where Ec does not equal Et nor for beams 
stressed beyond the elastic limit. In the latter case the intensity of stress 




Fui. 14. 


does not vary as the distance of the fiber from the neutral axis but follows 
the law of the variation of the stri\ss ordinates to a stress-diagram in which 
the extreme ordinate represents the stress on the extreme fiber of the beam. 
If the ultimate strengths in tension and compression are unequal, tin* 
neutral axis will shift toward the stronger side of the beam as the over¬ 
stressing proceeds. Thus the stress variation in a beam of cast iron, which 
is much stronger in compression than in tension, is illustrated in Fig 14. 
The unit deformation (ej of the outside fiber in tension (Fig. 14a) corre¬ 
sponds to a unit stress l<t in the stress diagram of Fig. 14b. Similarly Sc 
for the bottom fiber and the unit stresses for other fibers may be found. 
If the load is increased until St equals the ultimate tensile strength of the 
cast iron, failure begins. Concrete, brick, and stone beams fail similarly; 
but a wooden beam, being weaker in compression, will fail first in com¬ 
pression. 

If formula 21 be applied to find stresses beyond the elastic limit, it 
is evident from the foregoing that the results will be fictitious. In general 
the value of *Sm. found when Mm is the maximum moment, will lie between 
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the ultimate tensile and compressive strengths for the material. It is 
called the modulus of rupture. If the shape and size of specimen is main¬ 
tained approximately constant, the modulus of rupture furnishes a good 
index of the strength of different grades of material. For the effect of 

variations in form on the modulus 
of rupture of cast iron beams see 
Art. 119. 

Upton has also worked out the 
true value of the unit stress on the 
extreme fiber of an overstressed beam 
of rectangular cross-section.* A 
curve is plotted as in Fig. 15 between 
the computed stresses on the extreme 
Fig. lo.—Metliod of Imrling 1 rue Unit ^t the given Section and the 

8tri\sfs in an OverytTiiined Beam (Upton). j r j.- r .i i-i 

unit deformations of the same fiber. 

The true unit stress S' corresponding to a given unit deformation OC 

is CB' = — AB being tangent to the curve OEB at B. Ordinates 

to the dotted curve EB' represents true unit stresses. Use of the aliove 
method necessitates measurement of the deflection and calculation of the 
values of e, or direct measurement of the latter which is cumbersome. 
For ductile materials the stress-deformation curve is approximately hori¬ 
zontal when the maximum moment (Mm) is imposed, therefore the true 
stress on the extreme fiber is two-thirds of the computed stress or 



_ 2 AfmC _4Af^m 


( 22 ) 


2B. Variation in the Intensity of Shearing Stress within a Beam.— 

If a rectangular prism be cut from a beam and the forces necessary to 



Fig. 1G. 


equilibrium be placed on the cut surfaces as shown in Fig. 16, the occurrencje 
of a horizontal shearing stress acting along the surface which parallels 
the neutral plane is noted. We shall now determine the average j inten- 
’ * Spc Matpriah of Comirudion.j p. 78. (Out of print.) 

t The intensity of shearing stress on a horizontal plane is not always uniform unless 
the cross-section is rectangular. 
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sity of this shearing stress Sh. Let M be the bending moment at the left 
end of the notch, M' the bending moment at the right end, S and *S' the 
unit stresses on the extreme fibers at the left and right end of the notch, 
respectively, C the total stress on the right end, C' the total stress on the 
left end of notch, h the breadth of the bottom of the notch, and / the 
moment of inertia of the cross-section about the neutral axis n — n. Then 



C = — ^ yda and 

C'-fVy.; 

therefore 


Xya; 

but 

R' S M' M dM 
c c~ I I~ f' 


therefore 

SMx = ^ yda ; 


and 

„ ilM v-''’ . , 

Sii = ^ yda. 

Mnce -r-= 1, we have 
dx 


In the above expression % yda is the statical moment of tlie shaded 

area in Fig. 16 about the neutral axis n-n. Since it can easily be shown 
that the intensity of the vertical and horizontal shearing stresses at any 
point in a beam must lie etjual to produce e(|uilibriuin (s(‘e I^ig. 1), it fol¬ 
lows that valiu'S of the vertical unit shearing stress /Sd may also be gotten 
by formula (23). 

For a rectangular beam the intensity of the horizontal shear at any 
section varies, in accordance with the ordinates to a parabola, from zero 
at the outside fibi^rs to a inaximuin at the neutral axis. For such beams 
the inaxinium value of the horizontal or vertical unit shearing stress is 


2bd’ 


where ?> = the breadth and d the depth 
of the cross-section. That is, the 


Beam uniformly loatleii 


(24) 



Neutrn 



maximum intensity is f of the mean 
intensity of shearing stress. Fig. 17 
shows how the total shear and the 
intensity of the horizontal and vertical 
unit shearing stresses vary in a rectangular beam under uniform load. 

In a solid circular section the maximum intensity of shearing stress 
is ^ of the mean intensity. 


Fig. 17. 
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For an I-beam or plate girder the maximum intensity of shear stress is 
practically equal to the total shear at the section divided by the area of 
the web. 

Shear in Wooden Beams .—It becomes necessary to design wooden 
beams for horizontal shear when the safe load in shear is less than the 
safe load in bending. This condition occurs only in short deep beams. 
Thus for a uniformly loaded rectangular beam of simple span, the safe 
4Shd^ 

load in bending is W^= and the safe load in shear is Ws = ^Shbd. If 


Ws<Wb, then must 


3^ 

S 


d^r 

Sh 


if Ws<Wb, then must 

^ d 21 


When the load is concentrated at the center, 


Here S and aS* are the allowable unit 


stresses in bending and horizontal shear, respectively, and 6, d and I are 
the breadth, depth and length of the beam in the same linear units as S is 
expressed. 

29. Deflection of Beams Due to Bending Moment.—Let Fig. 18 

represent a portion of a bent 
beam. We shall now derive an 
expression for the radius of curva¬ 
ture and the differential equation 
by which the deflection of the 
neutral surface with respect to a 
set of axes may be determined. 
The elongation of the lower outer 
fiber of length dl, found by draw¬ 
ing ad parallel to a'?/, is bd. The 

unit elongation is ^ = e and the 

unit stress in the fiber is S= tE. From the similarity of triangles oaa' and 

v p _ #• f*/7 Af f* 

abti we have ^ Therefore Since S=-j- we have finally 



T = 


M' 


(25) 


From calculus r = • 


\ax/ 

dhf 


3/2 


Since in beams the curvature is slight 


( d'iy\^ . . . 1 

^1 is negligible compared to 1. therefore approximately ^ = Sub¬ 
stituting in (equation 25) we have 

m T nr ir\n\ 
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In using this equation one must know the relation of S, I and M to the 
variables y and x. Commonly E and I are constants and M can be 
expressed in terms of the variable x. The first integration gives the 
equation of the slope of the neutral axis with respect to the x-axis, the 
second integration furnishes the equation of the neutral axis, or the 
elastic curve, with respect to the coordinate axes. 

To illustrate the use of the above equation, we shall determine the 
deflection of a cantilever beam with an end load, Fig. 19. The bending 
moment at any section x-distance from the support is —P(J — x); hence 

(a) EI^^=-PQ-x); 

(b) — PZi+^-+c [c=0, since “ = 0 when a; = 0]; 

Pi Por^ 

(c) Ely =- - H —— + Cl [ci = 0, since x 0 when y = 0]. 

A o 

The deflection is a maximum when x = l, 

PP 

.(27) 

The moment for tins loading is a maximum at the support and equals —PL 



As a second illustration consider a simple beam with a uniform load. 

Fig. 20. The moment equation for any section x-distance from the left 

^ . wlx wx^ , 

support IS — - — ] hence 

A A 


w [1=0 Wh™ .4 

tf) 


c = 




[x = 0 when y = 0 


ci=0]. 




32 


SYNOPSIS OF THE PRINCIPLES OF MECHANICS 


The maximum deflection is found by substituting a; = - in equation /; 
therefore 


l/nriBx J 


^MEr 


The moment for this loading is a maximum at the center and equals 

o 

The use of equation (26) becomes more tedious when the bending 
moment equation is a discontinuous function of x. In such cases it is 
generally necessary to determine the equation of the elastic curve for each 
portion of the beam. Elimination of the constants of integration is 
facilitated by remembering that the two slope equations for adjacent por¬ 
tions of the beam have a common value at the point of discontinuity; 
likewise the ordinate equations have equal values at this point. For the 
solution of the more complicated cases the student is referred to treatises 
on Applied Mechanics. 

Values of the maximum moments and deflections for other beams 
under common types of loading appear in Table 1. 

30. Deflection of Beams Due to Shear.—Besides the deflection due 
to bending moment there is a very slight deflection due to shear. This is 
of importance only in short deep beams where Z<10d. The shearing 
deflection may be closely approxirnatt'd by equating the energy stored 
by the fibers in the beam to the work done by the load in moving through 
a distance equal to the shearing deflection.* For a rectangular cantilever 

C PI 

with an end load (P) the shearing deflection “ ^ rectangular 


3 PI 

simple beam with a load (P) at the middle it is = 

* li) Esbd 


For uniform 


loads equal to P in each of the above cases the defle(!tion is only ^ as 
much. From the above it appears that the deflection of a rectangulai 

KfP 

beam due to shear is to the deflection due to bending as —p- assuming 
E' 2 3 

^ 7 -=-then ^^ = ^1 for a cantilever with an end load, 3 for a simple beam 

with a center load, f for a cantilever with a uniform load and 1.6 for a 
simple beam with a uniform load. 

31. Curved Beams.—When the axis of a homogeneous beam is curved, 
bending of the beam produces stresses which cannot be accurately cal¬ 
culated by the formulae of Art. 26. If the axis of the beam lies in a plane 
curve which cuts the principal axis of each cross-section and the forces 
act in that plane, it is sufficiently exact, however, to assume that the 

* For other cases, see Maurer and Withey’s Strength oj Mateiiah, p. 323. 
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TABLE 1.—MAXIMUM MOMENTS AND DEFLECTIONS FOR BEAMS 
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total deformations vary as the distances of the fibers from tliE neutral 
surface; but since the fibers are of unequal length the unit deformations, 

^ hence unit stresses, will not 

Xl' TT T T"' so vary. As a result of 
this condition the neutral 
surface docs not, in general, 
include the gravity axis of 
■ I’l the beam. 

* Let Fig. 21 represent a 

\ ^ small portion of a bent 

beam.* Consider the end 

\ fixed and suppose A'ZJ' 

-to be the position assumed 

-\ ^_i_i _\ by AB after bending. Then 

Fig 21 deformation of 

any fiber with cross-section 


ia is 6 = 


rd9—r^)dd 


and the unit stress tE = 


. {r~r[))Ede 


The position of 


rd rO ^ 

the neutral axis is obtained by equating the total stress on the cross-section 

n rKr-ro)Edd^ . Edd ^ , , , , . 

uo zero; or 0 = J^ --cia; since -y- does not equal zero but is 

a constant for any given section we have 


The resisting moment, 


n^da 

Jrx r 

Edd ro)- 

Mr = — I Cl 

0 t 


and the unit stress on the inner fiber due to a bending moment M is 

(r\—r[j)M 1 


ri p2 (r-ro)- ^ 

r 


On the outer fiber, 


(r2-ri)M 


- da 


In solving equations (29) to (32) the form of the section must be known 
in order that the relation of da to r may be properly inserted in evaluating 

* For I-, T-, or U-shaped beams of sharp curvature, having web thickness less than 
^ the flange width, the radial stresses are important. Sec Bulletin 195, Univ. of Ill. 
Engr. Expt. Sta. 
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the integrals. M is given a positive sign when it decreases the radius of 
curvature. A positive sign before the result in equation (31) or (32) 
indicates tension. The following table contains values of ro and of the 
integral of equations (30) to (32) for rectangular, circular and trape¬ 
zoidal sections. 



I hu accDiiipanying table shows the ratios of unit stresses computed by eq. (31) and 
JV/c 

(32) to those gotten from 4?=---, when the curvature is sharp.* 


* Taken from Boyrl'a Strength nf Materials, pp. 327 and 333. 


RATIOS OF UNIT STRESS BY CL’HVED BEAM FORMULA TO UNIT STRESS 
BY STRAIGHT-BEAM FORMULA FOR EXTREME FIBERS 


llErTANCJLE. 


O.50 

x'.OO 

2.00 


1.15 

1.29 

1.52 


.87 

.81 

.73 


.17 

.33 

.62 


.86 

.79 

.70 
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In many practical problems a curved beam is bent by forces having 
components which are perpendicular to the cross-section of the member. 
In such cases the values of ro do not indicate the position of the true 
neutral surface, but the position which it would occupy if bending only 
obtained. The bending moment in such cases is computed with respect 
to an axis through the center of gravity of the section considered and 
includes the moments of all forces on one side of the given section. The 
unit stress on any fiber is equal to the bending stress computed as indi- 

P 

cated above plus or minus -j. 


Example. A 4- by 2-in. rectangular bar is bent in an elliptical arc and loaded on 
either end with axial pulls of 3000 lb. The center of gravity of the remotest section 
is 5 in. from the line of action of the pulls. The inner radius (n) of that section is 8 in. 
and the outer radius ( 7 - 2 ) is 12 in. Find the unit stresses iS/ and S 2 ' on the inner and outer 
faces, respectively. Here A =8 in.*, 


ro = - 


loK< 


Ti -\-d 


4 4 D^r ■_ 

" 0.171)1 X2.3026^1057^ ® ’ 


loge = —1.08 in.’ 


r o 8-0.865 (-5 X3000) , 

From eq. (31) <Si= ^^—^=3240 Ib./in.’ 


P 3000 

4Si' = —-|-*Si = —g—h3240 = 3G15 Ib./in.* tension. 


T. cr 12-9.805 (-5X3000) , 

From eq. (32) ^2 = ^,2 -j~Qg “ —2470 Ib./m.* 


iS 2'=^+*5!»2=+375 —2470 = 2095 Ib./in.* compression. 


32. Strength and Deflections of Flat Plates under Normal Loads.—Symbols in the 
following formula* are: 

TV = total load; 

1 / 1 = load per unit area; 

771 = 1 /X, reciprocal of Poisson’s ratio; 

r = radius of circular plate; 

rfl = radius of circle over which load is distributed; 

2ri = long axis of rectangular or elliptical plate; 

25 = short axis of rectangular or elliptical plate; 

k = b/a, a constant; 

* Formulip. 37 to 42 arc from a digest of formuls for flat plates by R. J. Roark in 
Product Engineering, July, 1930, p. 252. Formula 37 is from A. Morley’s Strength of 
Matcrialsj p. 441. Formula 39 to 42 are based on Timoshenko’s formuls and con¬ 
stants, in which X = 0.3. 
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thickness of plate, less than 0.37 or 0.6b; 

St = maximum radial unit stress; 

maximum tan^^ential unit stress; 

*Sb = maximum unit stress parallel to 2b-axis of plate; 
D = maximum deflection, less than 0.2 t. 


(a) Flat Circular Plate Supported at the Circumfermce. 
Uniformly Loaded: 

A4 * c. a 3 3m + l wtZ 

At center, max. St =St - -. 

8 m 


(33) 


3 (m—l)(5mH-l) wr^ 
16 m* Et^ 


Loaded over a Small Circle at Center: 


At center, max. Sr 


3(m+l )Tr / w r m -1 rD*\ 

‘ZjrnrP \m-hl fu vi-\-l 

3(m-l)(37yi-fl)HV 

\ir)n^Rl^ 


(33fl) 


(34) 

(34a) 


(b) Flat Circular Plate Fixed at the Circumference. 
Uniformly Loaded: 

Ate,fe 5,=--- 


. IT C 3 (m + 1)wr* 

At center, Sr = St - - 

8 


(35) 

(35a) 


3 (/??* —l) frT* 
16 ni^Et^ 


Loaded over a Small Circle at Center; 


At edge, 



At center, Sr=St = 


3 ( 771 + 1 ) 14 ^ 
277i7rU 



3(m* —l)irr* 
ATrm^El^ 


(c) Elliptical Plate Uniformly Loaded. 
Edges Supported: 


At center, max. *5(, 


1.25(2-k)u^bg 

P 


Edges Fixed; 


(2.34-1.6fc)i<Jb< 

Et* 


At edge, max. Sb 


12wh^ 

2t\3-\-2k^-\-Sk*) 


(35b) 

(36) 
(36a) 
(36b) 

(37) 

(37a) 

(38) 
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(d) Rectangular Plate Edges Supported. 
Uniformly Loaded; 


At center, max. 5b = 




D = 


2.27u)b* 
jBf^l +2.21A;*) 


( 39 ) 

(39a) 


Loaded over Snail Concentric Area, Kadiua ri,; 

3W r b / 0 914 \n 

At center. 5b = ----[log.-(m + l) + m(^0.4+j^ . . . (40) 

(e) Rectangular Plate Edges Fixed. 

Uniformly Loaded: 

2wb^ 

At centers of long edges, max. *?&= 623fc° ) ■ • • • 


D=- 


0.454iob^ 


Ef-»(l + 1.056fc^) 

Loaded over Small Concentric Area, Radius ro: 

3TF r b ~\ 

At center, max. Sh— - loge- (m+1)+5(1 — 

2Tr mt\ ru J 


(41a) 


(42) 


RESILIENCE 

33. I^ysiiience Defined.—Resilience is the work which a body can do 
•n bSpringihg back after a deforming force has been removed. Within the 
elastic limit the work of the forces deforming the body equals the energy 
stored in the body, that is, it equals the resilience. If a body is stressed 
beyond its elastic limit some of the work of the forces is spent in perma¬ 
nently deforming the body through sliding of the particles over one another, 
thus causing a loss of heat. Under the latter condition the resilience 
equals that portion of the total work of deformation which the body can 
give back upon removal of the forces. 

Since work is measured by the product of the force and the distance 
through which the application point moves in the direction of the force, 
we find the work of deformation by multiplying the average stress by the 
total deformation. Thus the work of deformation (W) equals the resili¬ 
ence (K) for any unit stress (*5) which is within the elastic limit and W = 
K-lPe, where P is the maximum total stress and e the corresponding 
deformation. 

If in the stress-defonnation dia^^ram for a body (Fig. 22) the total 
stresses (P) are plotted as ordinates and the displacements (e) as abscissae, 
then the work of deformation (W) equals the area (measured to scales of 
the diagram) between the curve and the e-axis. Within the elastic limit 
the resilience also is measured by this area. When the elastic limit has 
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been exceeded experiment shows that the return curve is parallel to the 
elastic curve —qzqz is parallel to o(/2, Fig- 22. Therefore the resilience 
equals one-half of the maximum stress multiplied by the corresponding 
elastic deformation. In Fig. 22 the shaded triangle marked resilience 
area represents, to sea ?, the resili¬ 
ence corresponding to a maximum 
stress 1/3^3 and an elastic deformation 
g'3^i3, the corresponding total w^ork 
of the deforming stresses is measured 
by the area 0(72173^3, and the energy 
lost through friction by the area 
07273(73'. The total work of deforma¬ 
tion to rupture is often called the 
energy of rupture. 

If the permanent sets be laid off 
from the stress-axis opposite to the 
corresponding stresses—P373" equal 
to 073', 7)474" equal to 074', etc.—then 
it may also be shown that the 
following sets of areas arc equal 
opi7iO = o7idio, 0^2720 = 072^20, op273"73720 = 73'73d373' and op273"74"7473720 
= q 4 'qA(hq\. Therefore the resilience equals the work of the elastic 
deformations. 

There are three varieties of resilience commonly met: resilience of 
direct stress, tension or compression; resilience of cross-bending; and 
resilience of torsion. Values for these different kinds of resilience will now 
be determined. In all cases it will be noted that the resilience is directly 
proportional to the square of the maximum unit stress divided by the 



modulus of elasticity 




the volume {Al), and a coefficient which 


depends upon the kind of stress, form of cross-section and the method 
of loading. 

34. Resilience of Bodies under Direct Stress. —Consider a homogene¬ 
ous prism of uniform cross-section subjected to end axial pulls or pushes 

P 

which are slowly increased until the value P is reached, being less than 

Pi 

the elastic limit. Then the total elongation due to P is ^ = -7-^ (see eq. 

1 ) and the total work Wvj which is equal to the resilience K, is TFp = |Pe. 
Therefore 
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1 ^52 

The factor - where Se is the elastic limit, is the modulus of resili- 

2 tj 

ence for a material under the direct stress considered. 

P 

It should be noted in passing that when ^ exceeds the elastic limit, 


the resilience may be computed by eq. ( 43 ), but it does not equal the work 
of P in this case. The latter can be found from the area of the stress 
deformation diagram as previously indicated. It may also be approxi¬ 
mated as follows; 

For ductile materials having a stress-diagram like mild steel (Fig. 3), 
the energy of rupture Kr per unit of volume is approximately 



r 44 ) 


For materials like cast iron having a parabolic stress-diagram, approxi¬ 
mately, 


Kr= 


( 45 ) 


In the above Sy and Sm are the unit stresses at the yield point and maximum 
load, respectively, and is the ultimate unit elongation. 

3B. Resilience in Cross-bending. —Consider a homogeneous canti¬ 
lever beam of uniform cross-section with an end load which is gradually 
increased until it reaches the value P, the latter being of such value that 
the fibers of the beam are not stressed beyond the elastic limit. The 

PP 

deflection of the free end due to bending is /=;T^T(cq. 27 ) and the work 

6til 


1 


p2p 


(TFj,) of the load is Wp = \Pf. Therefore the resilience K = ^Pf=- 

Since the maximum unit stress, on the extreme fiber at the support is 

^ Pic , 

= we have 


K = 


sm s^AtH 

^Ec^ ~~ 


1 r2 *52 , 

- —j 

b bl 


( 46 ) 


Here r = radius of gyration and the other sjunbols are in accordance with 
previous notation. The result in eq. ( 46 ) also holds for a simple beam 
loaded at the middle. 


Eq. ( 46 ) does not hold for stresses beyond the elastic limit because the 
flexure formula no longer gives the true value of S. The resilience for this 

PPP 

case may be computed approximately from iv where Pi is the maxi- 

bEI 

mum load. 
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For beams with a uniform load the resilience may be gotten by 

K = ^jwdxy * .(47) 

Here w is the load per unit of length, y is the tlefleetion at any point and 
is expressed in terms of x. and the limits of integration include the entire 
beam. Thus for a simple beam with a uniform load 

^ n ] ra7’'*x Tf7x-* irn-* 1 

V -— 12 ■'■'12 j ~ 

8 Sf 7 

For the value of y in the above, see eq. (/), Ai t. 20 . kSince u'F=—the 

resilience in terms of the unit, stress on the outside fiber at the center of 
the beam is 


4 r- S- 
y,/I \i 
15 c-^ A 


(48) 


In all of these discussions the resilience due lo shear has been neglected 
because of its small elTect. 

36. Resiiience in Torsion.—Ctonsider a homogeneous circular shaft 
held at one end and twisted by a couple, the magnitude of which increases 
to Pa without overstrt'ssing the shaft. Evidently thi‘ work of the couple 
Pad ^ MJ ,, S J 




SubstitiiliiiK in this pqiiation 9 = 


M, = —-, and J = Ani^ 


—where ro = polar radius of gyration—we have 


Pad 1 r()“ S} 


^-- 2=2 
1 S? 


E 


i-Ai. 


( 49 ) 


For a solid round shaft K = ~ ~^Al. 

4 iLs 

37. Resilience a Measure of Shock Resistance.—The magnitude or 
effect of a blow, or of a falling body, is measured by the energy stored 
in the moving body at the instant of impact. In the case of a body which 
has fallen freely in space under the action of gravity, its energy is If 7 i, 
where W is the weight of the body, and li is the distance through which 
the body has fallen freely. In any translation, tlie energy of the body 

is —, where v is the velocity, and g is the acceleration of gravity. If a 

moving body, as a falling weight, is stopped by striking a fixed solid body, 
the energy of the moving body is spent in one or all of the following ways: 

* An alternative method of computing the resilience for such cases is afforded by the 

/ M* 

—dx where the variables are expressed in terms of x and the limits 
El 

of integration cover the entire beam. 
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{a) In deforming the moving body itself, either within or beyond its 
elastic limit. 

(b) In a local deformation of both bodies at the surface of contact, 
within or b(*yond the elastic limit. 

(c) In moving the fixed body as a whole, with an accelerated velocity, 
the resistance consisting cf the inertia of the body. 

(r/) In moving the fixed body against its external supports and resist- 


(c) Finally, in deforming the fixed bodv as a whole against the resist¬ 
ing stresses developed thereby. 

If thi're is nearly absolute rigidity in all parts except in the body 
struck and if this yields only as a whole and not locally at the point of 
contact, then only can nearly all of the energy of the moving body be 
absorbed through deformation in the body struck. When the energy 


of the striking body is due principally to its mass |^measured by ---j and 

only in small part to its velocity then 90 per cent or more of its energy 
may lie alisorbed by the body stru(‘k. 

Assuming that all the energy of a blow is absorbed by the body struck, 

then it becomes apparent that the work of 
^ deformation of that body must equal the 

energy of the blow. Studies of the relatiun- 
-— - ships of resistance to deformation under 

1 / impact, where the unit stresses have exceeded 

m ^ .— the elastic limits have, in general, shown 

2 that a given deformation under impact is 

_ _ _ . aciannpanied by a higher unit .stress than in 

^ a static, or slowly applied, loading. For the 

I _ tests on soft iron wire illustrated in Fig. 23 , 

« the work of deformation in impact, as mcas- 

H ured by the area under the impact stress- 

deformation curve, is about 30 per cent 
greater than the corresponding value for 

u :n^ Hii :n-static stresses. Likewise Russell * found 

ii..,..,iiinnat.7DLroriiiaUunor\vire that tlic avcragc cncrgy of rupture of cast- 

I'la. 23 . ronip.'irison of Impart iron bars tested in his pendulum impact 

muj St,.tin Str.s«..« when ti.. machine (FiR. 17 , Chapter II) was about 44 
Deformations arc the iSamc. . . 

iKcport ,f French Cmn., Vol. 2 , P'"' than the energy of rupture 

p. 344.) under gradually applied loads. When the 

stresses arc within the clastic limit it has 
been customary to assume that the moduli of elasticity for static loadings 
hold for impact. It has also been customary to argue from the above 
* See I'rans. Am. Soc. Civ. Engr., Vol. 39, p. 246. 


and Statin Stresses when the 
Deformations arc the Same. 
{Report of French Com., Vol. 2, 
p. 344.) 
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considerations that the modulus of resilience gotten from a static test is 
a measure of resistance to repeated shocks or blows and that the total 
area of the stress-diagram (the energy of rupture) is a measure of resist¬ 
ance to a single blow.* In other words these quantities are considered 
indexes of toughness. That these conclusions do not apply, however, to 
all heat-treated materials is evinced by the behavdor of burnt steel. This 
material often exhibits about as high energy of rupture in a static test 
as properly treated material but is far less tough. (See also Art. 711.) 

A comprehensive study of the elastic portions of impact stress-defor¬ 
mation curves for our various building materials is badly needed in order 
that true value of the static modulus of resilience as an index of resist¬ 
ance to repeated shocks may be ascertained. 

If we assume all of the energy of the blow is absorbed by the body 
struck and that the modulus of elasticity is independent of the speed of 
loading, we have for the case of direct stress under axial elastic impact 

W{h+e) = \^Al .(50) 

Here 17 = weight falling, ft = distance dropped, e = maximum def mnation 
of body struck (the deformation will oscillate from a maximum to a mini¬ 
mum value as in a spring), >S = maximum intensity of stress (;orr(\sponding 
to deformation, £ = modulus of elasticity, A = area of cross-section, and 
I = length.’ 

Similarly for a beam under impact of a center load we shall have 
Wih+f)=^^~Al .(51) 


Here /=the maximum deflection and the other quantities have usual 
significance. When ft in either of eqs. (51) or (52) is zero, namely when 
the load is suddenly applied, it is easy to show that the maximum intensity 
of stress is twice that for a static load, 17. 

It may also be shown that the deformation of a bar under axial elastic 

impact is given by e = e'+e'( 1+-^) , where e' is the elongation due to 
a static load T7 and e that due to the impact load W. kSirnilarly for trans- 
verse impact we have /=/'+/'( 1+^) , where /' is the deflection due t.o 
static T7 and f that due to impact of 17. 


* H. C. Mann in Proc. A. S.T. M., Vol. 35, Pt. 2, p. 323, gives a Tneihod of evaluating 
the impact energy of rupture from a static stress diagram wliich he checked closely 
by teats. 
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MATERIALS UNDER COMBINED STRESS 


38, Direct and Bending Stresses.—Consider the case of a simple 
beam under a transverse bending moment M and subjected to an eccentric 
end load P lying in a principal axis, Fig. 24, for example. Consider the 

force P resolved into a force 
along the axis of the beam 
and a couple Pe. Then the 
unit stress on the extreme 
fiber at the danger section is 
given by 



P Me 


(52) 


Here M is the algebraic sum of the moments due to end loading {Pe) and 
transverse loadings taken on either side of the section, I is the moment 
of inertia of the cross-section about the axis 1-1, c the distance from 1-1 
to the fiber considered, A the area of the cross-section. Unless the beam 
is long, deflection affects the moment arm of P but little and is, there¬ 
fore, not considered in computing M. 


Equation (52) may also be used in designing short columns 
which arc eccentrically load. It then reduces to 



. 

Here r is the radius of gyration of the section about the principal axis which 
is nonnal to the lever arm of P. 

If 7^ does not lie on a principal axis eq. (53) does not hold. The unit 
stress on any fiber is then given by 




( 54 ) 


Where xi and yi are the coordinates of the application point of the load (P) 
with r(!Sjject to the principal axes (the x-axis and the ;t/-axes), x and y 
are the coordinates of the fiber with unit stress aS, Ix and ly are the prin¬ 
cipal moments of inertia with respect to the x and y axes, respectively. 
Due account of the signs of x, xi, y and yi must be taken in using eq. (54). 

39. Shears and Direct Stress.—One of the most common cases of 
combined stress is direct stress with pairs of equal shears perpendicular 
and parallel to it. Let Fig. 25(a) represent the side elevation of an 
elementary rectangular parallelopiped, the thickness perpendicular to the 
paper being unity and the width and height dx and dy, respectively. T^et 
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tile intensity of the direct stress be and that of the shears (S* each. Then 
lb is evident that on any oblique plane cutting; the parallelopipcd the 
total stress equals the resultant of Sdy, S^d.r, and Sgdy. Consider the 
total stress on the plane to l)e resolvetl into normal and tangential 
components, Sndz and S^dz, respectively, see Fig. 25(6). We want to 
find the value of *Sn and in terms of >S and and then l)y I'otating the 
plane AC (allowing 6 to vary), deterinine the maxiinum values for these 



stresses. Resolving the forces on CD and AD in Fig. 25(6) along AC 
and perpendicular to it, substituting sin ^ — cos reducing, 

we have 

S 

Sp = ^ sin 2(9 +aS, cos 20 ,.(55) 


D 

iS„ = )^(l —cos 25)+»5., sin 29. 


(56) 


,S 


Sp is rendered a maximum or luinimum when tan 20=-^ ; S„ is rendered 

2 o.v 
2aS 

a maxiinum or a minimum when tan20 =——Sul)stituting the corre- 

o 

sponding sine and cosine functions in eq. (55) and (5G) there results 


5p=^^r/+(^)'.(57) 

<S„=|±>/-S.2+(|y.(68) 


When the plus sign is used in cq. (58) the magnitude of the maximum 
unit stress of the same kind as S is found. If the minus sign is used, the 
minimum normal unit stress is found; but a negative sign obtains for the 
entire result indicating that the stress thus gotten is of opposite kind to S. 
These maximum and minimum values of Sn occur at the same point on 
mutually perpendicular planes. There is no shear stress on either of these 
planes. 
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The unit deformation in the direction of max. Sn will be increased 
by the lateral deformation of min. Sn acting at right angles to the maximum 


value (sec Art. 5 and 6) or en = 


max. *S„ , .min. Sn 


E 


E 


Where en is the unit 


deformation along maximum Sn and X is Poisson’s ratio. Substituting 
values of Sn from eq. (58) and changing sign of min. Snj there results 


€, = ^(1-X) + (1 + X)\/‘5.."+(|)".(59) 


If X = i, a fair mean for metals, then 


3x8 , 5 ^2 I 



(60) 


For analyzing the internal stresses in beams and shafting eq. (57) and 
(58) are much used. In beams the horizontal and vertical shearing 
stresses provide the tSsdx and S.d]/ forces of Fig. 25 and the flexure stresses 
make up the Sdij forces. In horizontal shafts the torsional shears in planes 
tangent to the shaft provide the pairs of shearing forces, and the stresses 
due to bending again introduce the normal forces. In vertical shafts 
the normal stress may be due to both direct stress (from the weight of the 
shaft) and lateral bending. 

40, Biaxial Loading.—Fig. 26 shows an elementary parallelepiped 

of unit thickness under two pairs of mutually 
perpendicular tensile stresses. The following 
analysis with proper regard to sign holds, 
in general, whetht^r both pairs of stresses 
are of like kind or not. We wish to find 
the value of the normal (*?„) and tangential 
(Sp) unit stresses on any plane such as AC. 
Resolving Sdy and S'dx parallel to AC and 
perpendicular to it and substituting sin 9 

= '^ and cos 9 = '~ there is obtained 
dz dz 


Sdu 



Fig. 26. 

d/ii fl/r 


„ ‘ 5 - 5 ' 


sin 26, 


(61) 


= sin^ 0 +a8' cos^ B .(62) 

S — S^ 

When 0 = 45° Sp = —Note, however, that for this case the greatest 
S 

value of <5, = -, if 5>5'. This stress occurs in a plane parallel to 

and making an angle of 45° with S. Sn is a maximum when 0 = 90° if 
iS>*S'; when 0 = 0° if S<S'. 
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Eqs. (61) and (62) are of value in determining stresses in boiler shells 
and pipes. 

41. Conditions Determining Elastic Break-down.—There has always 
been much perplexity concerning what factors determine the breaking 
down of a metal at its elastic limit. Broadly si)eaking^ the question is, 
does failure begin when a certain maximum unit stress is reached, regard¬ 
less of the way in which that stress is produced, or docs it commence when 
the unit deformation reaches a certain maximum. In studying these prob¬ 
lems experimenters * have placed specimens of ductile metals under com¬ 
bined tension and torsion, compression and torsion, flexure and torsion, 
and under biaxial loadings. The three much-used theories wdiich have 
been advanced are as folloAvs: 


1 . Elastic break-down begins W'hen the maximum normal stress 
Sa reaches a certain value —the maxirnmn stress theory; 

2 . Elastic faihire begins when the unit deformation (e,,) in the direction 
of the maximum lun rnal stress reaches a certahi magnitude —the maximurn 
strain theory; 

3. Elastic l)reak-df)wn begins when the maximum shear {Sp) reaches 
a cendain magnitude- -77/c rnaximmn shear theory. 

Most recent experimejiters have held to the third theory, convinced 
that a ductile mattaial under dirca-t stresses, or direct and shear stresses, 
suffers elastic lireak-down when some plane in the l)ody experiences a shear 
si-ress equal to the shearing elastic limit, and that failure ensues vvlien the 
ultimate shear stress is imposed on some plane (see Sp of formula ( 57 ) and 
discussion in Art. 40). Becker,* however, from a very careful set of tests 
on thin steel tul)es under biaxial loading has shown that elastic break¬ 
down will (msue if tlu* maximum unit strain exceials a certain value, also 
if the maximum unit shear stress exceeds the shearing clastic limit. In other 


words, for biaxial loading he found that as the ratio of 


S' 

-^T was increased the 


elastic limit was reached as soon as the maximum unit strain reached a cer- 

S' / ^ \ 

tain value; whan, however, as ‘^7 in creased, the maximum ,S„ / = ^ if ."il > 5 ' j 


reached the shearins clastic limit before the maximum unit strain e„ 
reached its critical value, then failure was conditioned by the maximum 
shear theory. The two limiting conditions for biaxial tensions are 


given by e/ 


.5 


Xv 7 and 

Ej 




where 


e,/ = maximum unit elastic 


deformation which material can withstand and *5^,'= shearing elastic 
limit. 


*See accounts of resRarchos by J. J. Guest, Phil. Mag., July, 1900; W. A. Scohle 
Phil. Mag., Vol. 12, 1900, p. 083; E. S. Hancock, Proc. A.S.T.M., Vol. 5, p. 179; VoL 
6 , p. 295; A. J. Becker, BuLlelin No. 85, Univ. of Illinois Expt. Sta. Also see Art. 726. 
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Two additional theories of elastic failure have received considerable 
attention during the past decade, the strain energy theory and the shear 
strain energy theory. The strain energy theory of Beltrami more recently 
championed by B. P. Haigh states that elastic break-down begins when 
the quantity of strain energy stored per unit of volume exceeds the tensile 
modulus of resilience. If the three principal stresses are Sx, Sy^ Sgj and 
is the tensile elastic limit, the condition is 


For biaxial loading this reduces to —2\SxSy = SJ^. 

The shear strain energy theory developed by Huber and von Mises, 
which assumes that the elastic failure is conditioned by the arrival of the 
unit shear strain energy at a certain limiting value, furnishes the following 
criterion for A".,, the modulus of resilience in shear: 






I I 


For biaxial loading this reduces to ASx^+*Sy^ —*Sx*S,/ = iS,^. 

Apparently none of the foregoing theories holds for all stress conditions. 
For ductile materials under biaxial loading where the principal stresses are 
of like kind, the principal stress or either of the strain energy theories 
appears to be in accord with experimental e\adence. For biaxial loading 
with stresses unlike in sign, the principal stress theory fails; but the 
maximum shear, the strain energy, or the shear strain energy theories 
agree with observed data. In combined bending and torsion the maximum 
shear stress theory is the most conservative, the maximum stress theory 
the least conservative; but for ratios of moment to torque (M/T) above 
1.0 the discrepancies in the diameters obtained by designing by any of the 
theories is not large. 

For triaxial loading neither strain energy theory conforms to the 
observed facts when a ductile material is under compressive stresses of 
etiual intensities, i.e., fluid pressure. Nevertheless, considering range of 
application, the shear strain energy theory, which implies that the ratio 
of the elastic limit in shear to that in tension is 0.58, appears to be the 
most dependable of the above theories. 

Present evidence also indicates that the maximum stress theory is in 
best accord with experimental evidence on brittle materials. A good 
resume of these theories and numerical comparisons may be found in 
Materials and StructureSj by E. H. Salmon, Vol. 1, Chapter XVL 
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MACHINES AND APPLIANCES FOP MECHANICAL TESTS 
TESTING MACHINES 

42. Definition.—Siiicci it would be obviously impossible to break, or 
even deform consideraldy large specimens of strong material by the 
imposition of dead weights, a mechanical device called a testing machine 
is employed for this purpose. A testing machine may be said to consist 
of a base or frame which supports the ciussheads used in loading the 
specimen, a means for applying the load, and a device for measuring it. 

Universal Testing Ma‘ uines 

43, Classes of Universal Testing Machines.—Universal testing 
machines—those in which tension, conipr(\ssit)n or cross-bending tests 
can be made—are proviLled with at least one fixt'd crosshead against 
which the specimen rests and a movabh^ crossliead l)y rm^aiis of whicli 
the specimen is deformed. In accordance with the inetliod employed 
In drive the movable crosshead, such niachines may be divided into two 
liasses, hydraulic niachines and screw-gear machines. In American 
laboratories most of the testing machines of less than 600,000-lb. capacity 
are of the latter tyfK\ On the other hand the use of hydraulic testing 
machines in this country is rapidly increasing. 

With the exception of the Emery testing machine, which belongs in a 
class by itself, the chief advaritagiNS of hydraulic testing machines are 
freedom from vibration and noise, cheapness, and simplicity of construc¬ 
tion and opt?ratioii. On the other hand, most of the testing machines 
of this type have one or more of the following disadvantages: leakage of 
fluid, variable friction at the stuffing l)oxes and around the ram, or inac¬ 
curate means of measuring fluid pressures.* 

In American screw-gear testing machines the load is generally reduced 
by a system of compound levers and weighed l)y balancing with a poise 
which is moved along a graihiated scalcbeam. In general these machines 

* The University of Wisconsin has a 600,000-16. universal hydraulic testing machine 
designed and erected liy the instructional staff. As a re.sult of calibrations the probable 
error of results gotten from this machine is not over 2 or 3 i)er cent for loads above 
50,000 lb. The machine cost $3500. (See /Voc. of Ayn. Sdc. for Teslinj MaUrialSj VoL 
10, p. 551.) 
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may be made very sensitive and accurate, but when built in large capaci¬ 
ties are more expensive than those of the hydraulic type. Owing to 
the vibration and noise produced by the driving mechanism employed 
in screw-gear machines, hand power is necessitated when very sensitive 
apparatus is used to measure deformations. 

Testing machines are often called horizontal or vertical in accordance 
with the position in which a tension or compression specimen is held. 
The advantage of the former type lies in the accessibility of all parts of 
machine and specimen. In vertical testing machines, however, lateral 
bending due to the weight of the specimen is obviated. 

44. General Conditions Which Should Obtain in Universal Machines.— 
The following considerations apply to testing machines in general: 

1. The weighing apparatus should be quite independent of the loading 
apparatus, the former usually being fixed and the latter movable. 

2. In lever machines the length of the knife-edges must be proportioned 
to the maximum loads in order not to be crushed down, and they should be 
so placed that all will receive their share of the load. They must also be so 
mounted as not to change the leverage by any reaction displacement wliicli 
may occur. To insure this, the knife-edges must be attached to the 
levers, and the bearings to the platform. Clearance between knife-edge 
bearings and levers must be sufficient to insure against frictional 
resistances, which greatly impair sensitiveness. 

3. The knife-edges and bearings of any beam must lie in the same 
straight line, and this line should lie in the gravity axis of the beam and its 
rigid attachments. This is especially necessary for the weighing-beam 
itself, so that its vertical angular movement may not disturb the counter¬ 
balancing. If the poise is moved by a cord over a pair of pulleys, this 
cord should be attached to the poise-hanger in this same axial line, so 
that the pulling of the poise may not supply a leverage on the beam to 
raise or lower it. 

4. Manometer machines have many peculiar errors. For example, 
any air-l)ubble in the indicating liquid vitiates the results by its own 
change in volume under pressure. Again, the exact area of surface sub¬ 
jected to pressure is always uncertain. 

5. The weighing apparatus should be so constructed as to be readily 
verified by the imposition of known weights, and the parts should be open 
to inspection and easily repaired and kept in order. 

6. A precision of 1 in 250 has been considered sufficient.* This is a 
proportional error of 0.4 of 1 per cent. Also, the imposition of a load 
equal to on e-two-hundred-fiftieth of that on the machine should produce 
an appreciable indication on the weighing device. 

•For methods of verification and tolerances in testing machines, consult Standards 
of American Society for Testing Materials. 
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7. The loading should proceed gradually and uniformly, and the rate 
of loading should be under perfect control. 

8. The machine should be so constructed as to permit the free use of 
suitable appliances for measuring distortion of the specimen at all stages 
during tests. 

9. A wide range of speeds should be available for the entire capacity 
of the machine. In compression tests speeds as low as 0.02 in. are often 
wanted, and in tension tests speeds up to 6 in. per min. find occasional 
use (see Art. 107). 



Fig. 1.—Olseii’n AutoriGitir Universul Testing Miirhinp with Dirert Motor Drive. 

10. The axes of the jaws in the erossheads of the machine should be 
so placed that they will remain in line throughout any test provided 
that the specimen is properly centered in them. 

11. There must be no twisting or rocking of the movable head when in 
motion. 

45. Olsen Testing Machines.—The Olsen screw-gear machine shown 
in Fig. 1, affords a good illustration of the universal -machines common 
to American laboratories. Machines similar to this are built in capaci¬ 
ties from 30,000 to 400,000 lb.; others embodying similar principles are 
built in capacities up to 1,000,000 lb. Power is applied to the machine 
illustrated through a direct connected motor attached in the rear as shown. 
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The main shaft (1) transmits power to the gear (2) which, through a 
shaft and system of geaiing, rotat(Js four straining nuts. Each of these 
straining nuts hears against the underside of the bed plate of the machine 
([)) and revolves about one of the four vertical screws which arc 
rigidly fastened to the pulling head (h). In this manner an upward or 
downward translation may be imparted to the screws and pulling head. 

A. wide range in the rate of mo¬ 
tion of the pulling head may be 
secured by means of the clutch 
levers (3) and (4). The pull 
on the specimen (6), which is 
held in the jaws of the cross¬ 
heads by means of grooved 
wedges or liners, is transmitted 
downward through the four cast- 
iron columns (7) to the weighing 
tal)le (8). The reaction of the 
straining nuts on the lower end 
of the screws produces an etiual 
upward force beneath the l)ed 
plate (9). The weighing table 
is supported on knife-edges fas¬ 
tened in the compound levers 

(10) and (11), which in turn are 
pivoted on pedestals formed on 
the bed plate (9); a closed cir¬ 
cuit of forces is thus produced. 
The force on the weighing table 
is reduced by the levers (10), 

(11) , (12) and balanced by the 
poise (13) on the scalebeam. 
The poise (13) is driven by a 
screw running along the top of 
the scalebeam. The operator 

Fju. 2 . A 10,1)00-11). Wire-testing Machine. may drive the poise by hand 

through the wheel (14) or the 
motion of the poise may be automatically controlled by the variable 
speed cone drive (15) which is connected to the driving mechanism 
on the machine and drives the poise to the right as long as the 
scalebeam is up. When the beam drops an electric circuit is broken 
and the poise stops. The load in thousand-pound units or multiples 
thereof may be gotten from the graduations on the scale beam. Inter¬ 
mediate values of the load are read on the dial (16) which is driven by 
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the screw actuating the poise. The energy released by breaking of a 
specimen is dissipated through recoil buffers (17) and cushion-seated nuts. 

Compression tests are made by attaching a spherical seat to the cross¬ 
head (5) and inserting the specimen on table (8). 

The machine is arranged for bending tests by placing end bearings on 
the table (8) (or on an I-beam extension of the table) and attaching a 
knife edge on the movable head (5). 

For testing low-strength spc^cimens hand-operated maclxines of 10,000 
to 20,000-lb. capacity, Fig. 2, are very serviceable. 



Fig. 3.—A 300,000-lb. Riehle Hydraulic Testing Machine. 


46. A Riehle Hydraulic Universal Machine.—Fig. 3 shows a 300,000-lb. 
hydraulic testing machine made by American Machine and Metals, Inc. 
The top head (1) and the table (2) of this machine are connected by four 
posts (3) and are always forced upward during a test by means of the ram 
in the base of the machine. The lower head (4) is held to the base of the 
machine by the two large screws and can be adjusted to the specimen by 
means of the small motor (5). The ram is supplied with oil from a 
6-cylinder pump (6). The rate of speed of the ram is controlled by the 
hand wheel (7) which turns over a graduated dial. The load is weighed 
by a pendulum automatic indicating device which is equipped with two 
weights. These weights are usually arranged to provide load ranges of 
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0-30,000 and 0-300,000 lb. Both the cylinder on the ram and the pressure 
measuring cylinder connected to the pendulum are very accurately ground 
and no packing is required. The measuring cyhnder is rotated to reduce 
frictional effects to a minimum. The machine operates rapidly without 
disturbing noise or vibration and is very easy to handle. 

47. The Emery Testing Machine.—The Emery method of weighing 
loads is generally considered the most sensitive yet devised. 

The essential principle of this machine consists in a means of trans¬ 
mitting a definite percentage of the force applied to the specimen to 
the scale beams, and there weighing it accurately, without any Iricticn 
whatever in the receiving, transmitting, or weighing parts. Hence any 
very small increment of the force applied is weighed with equal accu¬ 
racy, whether this increment is added to a great or to a small previous 
load.* This is accomplished by means of an hydraulic leverage and through 
the use of f^teel plate fulcra instead of knife-edges. Thus, in Fig. 4, 


IS 



Fio. 4.—A Schematic Drawing Showing a Side Elevation of an Emery Testing Machine. 


which is merely a schematic drawing, the load from the ram (1) is trans¬ 
mitted through the specimen (2) to the yoke (4), which rests against 
the hydraulic support (5). A pressure of equal intensity to that pro¬ 
duced upon the liquid in the hydraulic support is transmitted to the 
hydraulic chamber. In principle, an hydraulic support or chamber con¬ 
sists of a very strong shallow metal cylinder covered by a thin diaphragm 
or of a plate with a thin diaphragm around the edge. The diaphragm 
permits a slight movement of the cover without leakage of the fluid. 
The total force acting against the top of the chamber (7) is to the force 
in the specimen as the effective area of the chamber top is to the effective 
area of the hydraulic support. The force on the chamber top is bal¬ 
anced by levers articulating elastically about thin steel plate fulcra (8) 

* When the first machine was tested, a steel bar 5 in. in diameter was first broken 
under a lonrl of 722,800 lb., and then a single horse-hair was tested, and the machine 
gave the strength (16 oz.) of this as accurately as a small spring-balance which waa 
used for a check. Rep. U. S. Test Board, Vol. 2, p. 1. 
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and (9). In an actual machine there are several levers intermediate 
between the chamber lever and the scalebeam, but for simplicity only 
one lever is here shown. The hydrauUc chamber and levers are inclosed 
in a glass case to prevent injury. Such confinement does not interfere 
with the operation of the scalebeam, since a device is employed by 
which imposition of the poise weights upon the spindles (10) and (11), 
can be made from outside or the case. The poise weights are generally 
gold plated to prevent corrosion. To accommodate specimens varying 
in length the straining head carrying the ram can be moved along the 
screws (14) by means of the power-driven nuts (15). 

In making compression tests bearing blocks are placed over the 
jaws (3), and the hydrauhc support (6) is brought to bear against the 
vertical beam (lo); valve (12) is closed and valve (13) opened. 

In calibrations, allowance is made for the bending forces in the plate 
fulcra and the ratio of the effective areas of hydraulic support and chamber. 
Since movement of fluid from the hydraulic support to chamber is negli¬ 
gible, friction is eliminated from the weighing system. 

The largest Emery machine* is at the U. S Bureau of Standards. This 
universal macliine can test columns 33 ft. long to 2,300,000 lb. 

The widely used Southwark-Emery testing machine utilizes the Emery 
support but substitutes an accurate pressure gage for levers and weights 
in measuring the load. A ground hydraulic ram operated by a multiple- 
rotating-cylinder pump imposes the load. The largest at the University 
of California has a capacity of 4,000,0001b. and can test columns 33 ft. long. 

Compression Testing Machines 

49. A Field for the Hydraulic Press.—To ascertain the com¬ 
pressive strengths of materials like concrete, stone, brick, and tile, a 
machine of great precision is not required. For work of this character 
an hydraulic press provided with an accurate gage for registering the 
fluid pressure in the ram has l)een found satisfactory. 

The chief sources of inaccuracy in the hydraulic press are the varia¬ 
bility of the friction between the piston and cylinder and at the stuffing 
box. In a well-designed press, however, these variations will be very 
small and may be neglected in rough work; or an average correction 
for friction may be made by calibrating the press with the packing tight 
and loose. A great variety of testing machines of this type are in use 
in this country; two will be briefly described. 

49. A Machine for Testing in the Field.—A suitable press for either 
field or laboratory tests of 8 by 16-in. concrete cylinders or small stone 
cubes is shown in Fig. 5. This machine is built in capacities of 100,000 

* For further information regarding this Emery Machine the reader is referred to 
American Machinist, Jan. 2, 1913, p. 1; Jan. 9, 1913, p. 50. 
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60. The World’s Largest Testing Machine.—In Fig. 6 is shown the 
10,000,()00-lb. compression machine built by Tinius Olsen & Co, for the 
Pittsburg Laboratory of the U. S. Bureau of Standards. This machine 
in its present condition can be used to test specimens less than 25 ft. 
long and 4 by 4 ft. square within the capacity of the nuichiiie. The 
four screws are each 13| in. in diameter. Connected to the screws by 
long power-driven nuts is the adjustable upper heatl, weighing 30 tons. 
The spherical-seated lower head of the same weight is mounted upon 
the end of the ram of a huge hydraulic press, not shown in the illus¬ 
tration. To obviate uncertainty regarding frictional forces, the packing 
employed in this ram is so designed that these forces will vary directly 
with the pressure, a condition for which due allowance is made in the 
calibration. The intensity of the fluid pressure in tin; ram is transferred 
to a smaller liydraulic clianiber which is sealed with a diapln-agm and 
supported on the pump well. The pressure on the diaphragm is 
balanced through the lever systcmi and screwi-driven poise. The scale- 
beam is graduated to read loads on the sp'cimen up to 2,000,000 lb. 
directly, and wdth end w^eights up to the capacity of t tie rnachine. I'luid 
pressure is supplied to the ram by means of a triple-plunger variable- 
stroke pump driven by a lo-h.p. variable-speed motor. This conibina- 
tion makes possible a considerable range in tlie speed of the lower head 
of the testing machine when desired. An air reservoir inserted in the 
supply line leading from the pump to the ram reduces the effects of the 
pulsations of the pump.* 

Transverse Testing Machines 

61. General Remarks on Transverse Testing Machines.—On account 
of the large amount of testing done upon beams, it is often convenient 
to have machines especially adapted for transverse testing. 

The main conditions, other than those previousl}'^ mentioned in 
Art. 44, which should be fulfilled by a transverse testing machine are: 

1. The parts of the machine should be sufficiently rigid so that the 
tops of the knife-edges supporting the beam and the bottom of the load¬ 
ing knife-edge will remain perpendicular to the sides of the beam through¬ 
out the test. 

2. The supporting and loading knife-edges should, if necessary, bear 
upon auxiliary plates to prevent indentation. Also, these knife-edges 
should be so arranged that longitudinal tension in the specimen due 
to their rigidity is obviated. (See Art. 74.) 

3. The machine should be equipped with a variety of slow speeds 
by which loads may be uniformly applied to the specimen at a rate 
which will permit the necessary observations to be made. 

* This machine is defitcribed in the Eng. Recordf Sept. 28, 1912, p. 353. 
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62. Descriptions of Various Transverse Testing Machines.—Fig. 7 

shows a 100,000-lb. Riehle hydraulic transverse testing machine. By 
means of the valve operated by the hand wheel at the center of the 



Fig. 7.—A 100,000-lb. Hydraulin Ream-testing Machine. 


uKLchiiiG fluid from the pump can be forced into either end of the double- 
ai^tiiij; ram, which moves the loading knife-edge. The support at the 
hdt end and the weighing apparatus at the right may be adjusted to 

spans varying from 4 to 
20 ft. To sav€i space 
this machine should be 
installed with the tops 
of the I-beams flush 
with the floor. 

l<"igure S shows a 
machine for field test¬ 
ing a (3 by 6 in. con¬ 
crete beam over an 
18-in. span. To facili¬ 
tate in maintaining 
the proper span length 
while the specimen is 
being placed in the 
machine, spacer bars, 
shown disengaged be¬ 
low the specimen (5), 
are provided. The load 

Fig. S. —Coiicrote Beam Testing Machine. Designed applied by the crank 
and Used by Iowa State Highway Commission. (c) at a rate which 
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keeps the scale beam (b) balanced. Rate of loading is in turn governed by 
the rate of flow of water from the tank (w) through the tube (Y). Stirrup 
supports (1) eliminate end rc^straint and torsion in the specimen (s). Break¬ 
ing 01 the beam cuts off the flow of water automatically. The load can be 
weighed to 5 lb. Two tests may be made per specimen. 

Another form of transverse testing machine, much used in foundry 
work, is that shown in Fig. 9. In this machine the deflection is indicated 



Fig. 9. —Cross-btiiiding Tiiating Machine for Cast Iron. Deflection correctly measured. 

on the graduat(Hl arc by means of an ingenious lever system not shown 
in the figure. The capacity is 5000 lb., and the span 1 ft. 

Fig. 10 shows a transverse testing machine which records the load- 
deflection curve upon a specially ruled diagram. Imposition of the load 
is made through the hand wheel at the top. The load on the specimen 
actuates a system of levers which move the heavy pendulum along the 
graduated arc, shown beneath the frame. This motion produces a rota¬ 
tion of the drum. Through a follow pin placed at the center of the 
span directly under the specimen, a record of the deflection is gotten, 
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TliP niovniripiit of this pin nmltiplieii twenty times is transmitted to the 
pencil Avhicli moves vertically. Thus abscissas on the diagram measure 





Fig. 10.—OIhoii’h AiitoKraphif Croas-bi;nd- 
iiiK Machine. 

shown in Fig. 11, designed by C. H. 
SchoU‘r, can be inserted in a uni¬ 
versal testing machine. The upper 
tool which is clamped in the mov¬ 
able hiaid of the machine carries 
the pin around which the bar is 
bent. The- bar rests on two cast- 
iron segmental rollers of 6-in. radius 
mounted on 2-in. hardened steel 
pins. T\\{^ pins are supported in a 
frame consisting of two 4- by 6- by 
J-in. steel angles. The top of the 
angle frame is graduated to aid in 
setting the near bearing, in order to 
accommodate changes in thickness 
of specinu ‘11 and pin. The device 
operates umler low loads without 
imposing longitudinal forces due to 
specimens of short length. 


loads and ordinates deflections. 
The machine is built for 12- or 
24-in. spans. The capacity is 
5000 lb. 

Cold-bend Testing Machines 

63. Methods of Making the 
Test. —Up to this time, only 
machines in which the bending 
is accomplished by static pres¬ 
sure have been especially made 
for cold-bend tests. The power 
hammer is ordinarily employial 
when bending is accomplished 
by blows. The latter method 
is subject to much wider varia¬ 
tions than the pressure method, 
but properly made is a more 
severe test than the former. 

54. A Cold-bend Attachment. 
—The bending attachment 



Fig. 11. — Scholer’s Bending AttMchmcnt. 

(Courtesy of Baldwin-Southwark Corporation.) 


roller friction, and can be used on 
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66. Olsen’s Cold-bending Testing Machine.—Fig. 12 represents a 
motor-driven cold-bend testing machine which will bend rods up to 2 
in. in diameter or plates less 
than 6 in. wdde. The specimen 
is held firmly by a wedge be¬ 
hind the left end, an adjustable 
v^ertical center pin, and an ad¬ 
justable vertical pin placed back 
of the right end. The latter pin 
bends the specimen. means 
of graduations on the table of the 
mat'hine any bend up to 180 deg. 
may be determined The wire 
grating prevents injury to the 
oixa ator thi ough a sudden break 
of the speiamen, but permits the 
making of observations during 
testing. 

Shear and Torsion Testing 
Machines 

56. Transverse Shear Test 
Appliances. —Although it is im¬ 
possible to produce in a body 
a transverse shearing strt\s.s un- 
act!ompanied by tension or eonipression, yet, on account of fre¬ 

quent oceurremu^ of shearing stresses in iiiembers su])ject(al to eross- 
l>ending- -in rivets, bolts, pins, et(‘.—and on account of the weakness 
of timber in shearing along the grain, it is often ilesiiablt‘ to obtain 
an approximate knowledge of the shiMiring stii'iigih of a material. 
Several devices have been employed for this puipose; two will be 
briefly described. 

In Fig. 13 is shown a double shear apparatus designed to dett'rmine 
the shearing strength of metals. With thus ai)pliance the end and central 
portions of the siiecimen are tightly grijiped by hardened steid bearing 
plates which minimize bonding distortion. However, on account of the 
small clearance between the central and end portions of the d(?vice, 
some fricdional resistance is developed in testing. A comparison of the 
results of shearing tests on this apparatus with valuius gotten from torsion 
tests of very thin cylinders of like material indicates that the shearing 
device gives about 10 per cent higher unit strt^sses. The bars used in 
these tests were uniform in size. Grooving the bars in the planes of 
shearing would undoubtedly have lessened the error. 



Fig. 12.^.)lsr‘irs liii))rf)Vi*Ll UolLl-l)cniliiig 
Miuhinc. 
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Fio. 13.—^Johnson^s 8hrar TooL 


A simple and satisfartorv apparatus for inakin^i; shearing; ioMs rn 
tiiiihei is shown in Fip; 14. 

57. Torsion. Testing Machines.—Shafting, wire, and rhmenls nf 
itiacluiu's ivhich are to lie subjected to twisting aie often te^ti'd in tui¬ 
tion to deteinuiie their torsional stiength and sheanng niodulus of elas- 
luit} lig 1") sho’\^& an Olsen 23U,000-m-lb. torsion testing machine. 
This machine wiV take shafting up to 2^ in. in dianietei aiitl 22 ft. long. 
Tne iiiotoi ojierating thiough a chain dii\e and tiain (4 gears rotates 
a large gear carrying the chuck into which the light end of the specimen 
Is wS'cuiely fastened. The left end of the shaft is giippcal liy a similar 
cliuck and tiaiis mts the twist to the level system in the weighing head. 
To allow for longitudinal defornnuioii of the specnnen under test, the 
niun lever of the weighing systoin is mounted on lolleis, thus peinnttuig 
eoiisulerable horizontal motion of the chuck. The lever shown at the 
left is ciniiloved to adjust the position of the weighing head on the rails. 

Torsional testing machines of the pendulum type equipped with an 
autographic device fur plotting torque-twist diagrams are also available. 
A lOjOOO-in. lb machine of this kind will be found especially suitable for 
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Fig. 14—Forpsf Products Liihortdorv Shear 
Tool. Specimen is cut with n projcctiiiK 
shoulder. 


demonstration purposes and for 
determining strength and maxi¬ 
mum twist of small specimens. 
Values of the shear modulus and 
proportional limit cannot be de¬ 
termined with sufficient accuracy 
for acceptance tests. 

The machine shown in Fig. 16 
is adapted to test wires up to 
f in. in diameter and over gage 
lengths of 8 iii. or less. Its ca¬ 
pacity is 500 in. lb. Tensile 
loads may be applied through 
weights shown at the left. The 
applied torque is automatically 
registered on the dial and the 
angle tf twist can also bo read 
fron‘ the rotating head. 

Impact Testing Machines 

58. Essential Conditions for 
Impact Testing Machines.— 

Since impact tests are made upon 




Fig 15.—Olsen's Improved Torsion Testing Machine. 
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car wheels^ car-couplers, car-axles, rails and rail joints to determine the 
resistance of such structural forms to shock, it is very necessary that the 

machine in which the tests are made shall 
be so constructed that the energy absorbed 
by the specimen can be determined. In¬ 
asmuch as the effect of a blow on the 
specimen depends upon the resistance of 
the specimen as well as the energy and 
mass of the falling body, it follows that a 
standard impact test involves a standard 
anvil resting upon a standard foundation, 
a standard hammer or tup, and a stand¬ 
ard fall. Furthermore, in drop machines 
the axes of the tup, guides, anvil and 
specimen must be collinear; and the faces 
of the specimen, anvil, and tup must be 


parallel. On account of the impossibility 
of providing either an absrilutely rigid anvil 
or tup, true (luantitative results cannot be 
gotten. However, qualitative results of 
great value may be gotten from standard¬ 
ized tests. 1 n practically all impact testing 
machines a transverse blow is delivered to 
the specimen eitlier by a pendulum revolv¬ 
ing al)Out a horizontal axis or by a falling 
weight. 

69. Pendulum Impact Testing Ma¬ 
chines.—The most used type of pendulum 
impact machine is the 217-ft. lb. Charpy 
shown in Fig. 17. The machine may be 
used for testing small simple beams which 
are suj)ported by the outstanding arms 
and struck horizontally at mid-span by 
the hanimer at the center of the pendu¬ 
lum. Beams of ductile materials must be 
notched acrowss the side opi)Osite the ham¬ 
mer if rupture is desired. The total angle through which such specimens 
may be l)ent by this machine is about IbO deg. The maximum striking 



Fia. 17.—Charpy Impact Testing 
M achine. 
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velocity is 18 ft. per sec. The machine illustrated is also equipped to test 
small metal specimens in tension. The machine should be provided with 
a heavy base, and it is preferable that the latter should be securely fas¬ 
tened to a concrete floor or pedestal. 

The potential energy of the pendulum is a linear function of the versine 
of the angle through which it is raised from the lowest position. Hence 
by reading on the graduated dial the initial angle to which the pendulum 
is raised and noting the angle to which it rises after breaking the specimen, 
it is possible to calculate both the initial and residual energy of the pendu¬ 
lum. The difference between these energies closely approximates the 


Dial r)|M‘rait‘il from Eccpiitiic Cnm 
on ri'iKluliiin-Gratliiali^a to llL^ail 



Fio. IS.—Principle of Miinn-llaskrll High-Vdonity 
Tension-1 III pact Testing Mjiehine. 

{Proc, A.S.T.M., Vol. 36, Pt. 2, p. 86.) 


energy consumed by the specimen. In a given set of tests it is desirable 
to use the same initial angle both to save unnecessary computations and to 
rnairitaiii the striking velocity of the pendulum constant. In tests of 
fragile specimens, calibration should be made to determine the energy 
losses due to friction at bearings and air resistance. 

With the ordinary type of pendulum impact machines the velocity of 
tup is low. A high velocity tension impact testing machine has recently 
been invented by Haskell and Mann of the Ordnance Department of the 
U. S. Army.* Figure 18 shows the principle of operation of this machine. 
The two rotating wheels carry a pair of horns and balancing counterweight, 

* See Proc. Am. Soc. for Testing Mails., Vol. 36, Pt. 2, p. 85. 
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both of which can bn released when the wheel speed has attained the desired 
value. The horns then engage the tup attached to the left end of the test 
specimen. The right end of the specimen is fastened to the pendulum, 
which hangs vertical until the tup is thus struck. The upward swing 

of the pendulum is indi¬ 



cated on the dial, which pro¬ 
vides a means of calculating 
with reasonable accuracy 
the energy conserved in 
rupturing the specimen. 
Riehl6 Testing Machine 
Division of American Mar 
chine and Metals, Inc., now 
manufacture this machine, 
capable of producing a max¬ 
imum velocity of 250 ft. 
per sec. In testing with 
this machine Mann used a 
specimen 3 in. long pro¬ 
vided with threaded ends 
having an outside diameter 
of § in. and a gage length 
1 in. long with a diameter 
of 0.252 in. The relation 
of diameters of end and 
gage portions is such that 
the work of deformation is 
restricted almost entirely 
to the reduced portion of 
this specimen. 

60. Drop Impact Test¬ 
ing Machines. —Figure 19 
illustrates a Turner impact 
testing machine for either 


Fig 19.—A Tunipr Impact Testing Machine. Compression or transverse 


impact tests. In this ma¬ 


chine the tup is hoisted by an electric motor placed at the top. Release 
of the tup is secured by reversing the current through the suspend¬ 
ing magnet. A pencil moving over paper fastened to the revolving 
drum, shown just above the specimen, records the behavior of the 


specimen. Two sizes of this machine are made, the larger having 
a capacity for beams 8 ft. long and 12 in. wide; the maximum drop 
attainable is 6 ft., and the weights of tup range from 50 to 500 lb. With 





TESTING MACHINES 


6 

















68 MACHINES AND APPLIANCES FOR MECHANICAL TESTS 


this type of niaehine tests can be made to ascertain the elastic prop¬ 
erties in addition to the energy of rupture of a specimen. 

In Fig. 20 is presented a drawing of the standard drop testing machine 
adopted by the American Railway Engineering Association for making 
tests on rails. A noteworthy fact about this machine is the method of 
supporting the anvil. Th(i latter weighs 20,000 lb., and is supported on 
20 M.C -.R.A. Standard “C’' springs arranged in groups of five at each 
corner of the anvil. No connection exists between the vertical guides 
and the anvil. For further information relating to this machine see 
The Alanual of the A.R.E.A. 


Ai'rAJiATt?s FOR Determtning Hardness 


61. The Sclerometer.—In 1886 Turner developed his sclerometer to 
iiieasurt^ liardiiess by ascertaining the weight required to cause a diamond 

to make a visible scratch. Martens 



modified this test by measuring the 
! w(‘ight required to produce a scratch 
I 0.01 mm. wide with a conical diamond 
point. Such ti'sts have attracted atten- 
' tion in this country. See Report of 
Committee KA of A.S.T.M. in 1026. 



I’k:. 21 .--Olsen’s Appiiratus fer 
Making llie Brinnll Jhiriliu\ss Tost . 


62. Ball Indentation Tests—Brinell 
and Rockwell. —The penetration of a 
steel ball or diamond point into a fin¬ 
ished surface is the most used method 
for testing the hardness of metals. 

In testing with the Brinell machine 
shown in Fig. 21, the specimen, ri\sting 
on the anvil (1), is raised until it touches 
the 10 min. hardened steel ball (2). 
The ball is attached to the piston of an 
oil ram. Pressure, usually 3000 kg., is 
applied to the specimen by operating 
the pump handle until the accumulator 
weights (3) are lifted. The ratio of the 
load in kilograms to the surface area of 
the indentation in square millimeters 
forms the basis for the Brinell hardness 
scale. A specially .constructed micro¬ 


scope (1) is ordinarily used to measure the diameter of the indentation. 


Devries of the F. S. Bureau of Standards found that the indentation 


can be more accurately determined by measuring the difference in 
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depth of indentation due to a light load applied before and after the test 
load. He also found that a linear relation exists between load and depth 
of indentation for pressures less than 3000 kg. Portable Brinell devices 
are also available. 

For the Rnekwell hardness tester, Fig. 22, two hardness scales are 
provided—the Ij-seale in which the depth of indentation of a steel 

ball under an increase in load of 100 kg. 
is the basis; and the ('-scale in which 
the penetration of a 120-deg. conical 
diamond point (called a Brale) under a 
i50-kg. increase in load is the basis. 

For very soft metals larger balls and 
lighter loads may be employed. Regis¬ 
tration of pt'iieiration i.s made on a dial 
residing to 0.002 mm. The scale read¬ 
ing of the dial is arranged to incrtais(‘ 
with the hardness of the specimen. 

Ill testing with the Rockwell machine 
the work is placed on the anvil (1) and 
forced upward against the pemdratrir by 
turning the hand wheel (2) until a 10-kg, 
initial load has lieeri appliial. The 
dial (3) is then s(‘t to rt'ad zero and thti 
handh^ (4) pushetl backward to ndease 
the major load 100, or lot) kg., which is 
superimpostul at a givtai rate of spiaal by 
the dash pot. After thi'. dial pointer (5) 
has come to rf*st thi' handk' is pulled 
forwaril (0) releasing the major load but 
leaving the minor load imf)osed. The 
Rockwell hardness number (7) is then automatically registered by the 
dial pointer. 

63. The Shore Scleroscope.* —In this apparatus the specimen is 
struck by a small diamond-pointed hammer falling freely. The rebound 
of the hammer is measured and gives an indication, aticording to its in¬ 
ventor, of the resistance to indentation or hardness. Figure 23 shows a 
recording type of scleroscope. In this device the tube is made vertical 
by adjusting the screws at the base of the instrument until tlie plumb rod, 
exposed at the front of the tube, is centered. Tin; diamond-i)ointed 
hammer is elevated in the tube and released by turning the knurled knob 
near the bottom of the tul)e. The rebound of the hammer is recorded 
by the dial hand wdiich remains fixed until the knurled knob is again 
* Maimfartiirtid by Shore Ins train ent and Mfg. Co., Jamaica, N. Y. 
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turned for another test. In the older type of scleroscope the hammer is 
allowed to fall in an aceiirately ground glass tube from a height of about 

10 in. and the rebound is noted by the eye. 
Sintui slight differences in the sharpness of ham¬ 
mer points greatly affect the rebound, the ham¬ 
mer must be frequently tested on a standard 
surface. The surface ordinarily used is of hard¬ 
ened steel which gives a rel)ound of 100 on the 
scale. 

Endurance Testing Machines 

64. Wohler’s Repeated-stress Testing Ma¬ 
chines.—Owing to value and importance of the 
systematic studies of Wohler upon the fatigue 
of metals, his appliances have received consider¬ 
able attention. Fig. 24 shows his apparatus 
for repeated tensile strevsses. Here the specimen 
{A) is stressed through the lever (L) and spring 
(s) acting on the auxiliary lever (m). The pull 
of the spring (s) is measured by the starting of 
the adjusted calibrated spring (5') through the 
terminal lever (g). The nut at the od (d) is 
adjusted to give the minimum load on the 
spring (,s) by starting the spring (s') when adjusted to a particular tension, 
and the cam movement of (d) to its extreme downward position is made to 



Fig. 


23.—Shore Selero- 
scope. 



Fig. 24.—Wohler's Machin e for Repetitions of Tensile Stress. 


give the requisite maximum stress in the specimen by adjusting the 
spring (.s') so as to just lift at this position of (d). The rod is adjustable 
by means of a turnbuckle. In this way the bar (A) can be stressed 
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in tension between any chosen limits. Wohler also designed special de¬ 
vices for repeating bending stresses and for repeating torsional stresses.* 
66- Reversed Betiding Endurance Testing Machines.—Fig. 25(a) shows 
a type of rotating beam machine which has been extensively used both in 
the United State.s and in England. The inachine shown is one which was 
used at the University of Illinois. The specimen, ^1, rests in ball bearings 
at B and E. The load is applied by means of t wo symim'trically placed 
ball bearings at C and D. This loading produces uniforiii bending inoment 



between C and D. Thi^ revolutions counter is at N, and the machine has 
an automatic device (not shown) which stops the macliine when the speci¬ 
men breaks. 

Fig. 25(1)) shows another rev(‘rsed bending inachiiu* which was fievelopt'd 
at the University of Illinois. In this machine the canlilever specimen, N, 



is not rotating, but is held fixed at one end in the grips, V. The load is 
applied at the other end of the specimen by means of a ball bearing, B, and 
* See Enaineerina, Vol. 11, p. 199, 221, 224, etc. 
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a calibrated spring, 7. As the rotating head, C, revolves, the free end of the 
specimen is forced to travel in a circle about the axis of the gripped end, 
with the result that the specimen is subjected to reversed bending stress. 
This type of machine was first developed so that a thermocouple could be 
applied to the specimen, in determining the endurance limit by the “ rise- 
of-ternperature ” method. (See Art. 831.) 

66. Axial Stress Endurance Testing Machines.—Fig. 26(a) and Fig. 
26(?)) sliow two machines developed at the University of Illinois for deter¬ 
mining the endurance limit in axial 
t ension-c oinpr essi on. 

In Fig. 26(a) the specimen, T, is 
forced to deflect the calil)rated 
spring, S, by means of the ect’entrii*, 
Ej and the connecting rod, H. The 
ratio of tension to (jompression can 
be varied by iiuians of the turn- 
buckle, B. 

In Fig. 26(f>) the specimim, *8, 
has its outer tmd fastened rigitlly 
If) the rotating head, 11. The lever, L, with a fulci iim at jV, applies the 
load to tiie spociiiKn tluough a ball beaiing. The load, W, is applied to 



Fiu. 26 (b). 

the free end of the lever as shown. For the position imlicated the specimen 
is in axial coiii]iression, and when the rotating head has revolved 180 
degrees tlie specimen is in axial tension. 

AUXILIARY APPLIANCES EMPLOYED IN LOADING SPECIMENS 

67. The Transmission of Load to a Specimen.—In making tests 
of materials it is very desirable that the experimenter have control not 
only of the magnitude but also of the places of application and the direc¬ 
tions of the forces applied to the specimen. Unless such conditions 
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obtain stresses of a different kind or of undesirable magnitude may 
be produeed in the test-piece. In most tension and compression tests 
an axial lt)ad is sought; in most transvcise tests a loading which pro¬ 
duces bending in a given plane is desired. On account of the devices 
employed to transmit [)resHure from the testing machine to the speiamen, 
a brief description of some of these appliances will not be given. 


Gripping Devices for Tension Tests 

6B. Wedges or Grips.—By far the most freciiuaitly used device 
for holding 1 ensile spi'cimens in the jaws of the testing machine is a set 
of four serrat(>d wedges. The fiat wedges shown in Fig. 27 are for speci- 



Fi(j. 27. Flat and Grooved Wctlgcs for d cii.sile 'Tests. 


mens of rectangular cioss-section; the grooved wedges are used with 
cy 1 indrical test-pieces. 

Liners are placed in l)ack of the grips in ttisting thin specimens. Fig. 
28r/ shows the proper method of gri])ping a test-piece when wedges are 
employed. To prevent sticking in the jaws of the machine the backs 
of the grips should be coated with a heavy lubricant. 

Wedges are often objected to on the ground that they crush the 
specimen and pull uin'vtmly on opposite sides of a test-piece, thus pro¬ 
ducing bending or oldique stresses. However, for rough commercial 
testing exjx‘ricnce has proven such grips to be satisfactory. 

69. Spherical Seated Holders.—In scientific testing to determine the 
elastic limit of a material, it is desiralde to secure as close an approach 
to an axial loading as possible, and a method more refined than indicated 
above should be employed. For such tests spherical seated holders of 
the type shown in Figs. 29 and 30 have? been much us(‘d. 
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The efficiency of this device is dependent both upon the skill of the 
mechanic in making the appliance and in fashioning the specimen, and 
upon the care exercised in using the device. To reduce the frictional 
resistance of the spherical seat to a minimum, the radius of the sphere 
should be made a.s small as a proper consideration of the crushing strength 
of the ball will p(^rmit, the ball and seat should be ground to fit, and the 
bearing should be lubricated with a thin film of oil. Even with a well- 
made holder and careful manipulation, extensometer measurements taken 
on opposite sides of a specimen will often differ considerably. This dif- 


Hp.-itl of Tivullnj; Mni'lilnc 




Fig. 28.—C"nrrr‘nl. (r/) and IriPorrcnt Fig. 29.—Grii)i)inK Dpvine for Shoot 
(a, b, c) Mfdhorls of Gripping Ten- Materiiils. 

sill; »Sj)iM‘inieils with W edges. (gee A.S.T.M. iHanilnrda fur Tniisi □n TBstfi.) 


ficulty may be partly removed by applying a small loail, reading the 
extensions, then removing the load and adjusting the six^cimen slightly 
to overcome the eccentricity. 

A type of holder which is suitable for ust? wdth tempered steel specimens 
is show^ri in Fig. 30F Portion A is a socket nut wdiich is threaded to fit 
the lower end of the Ijolt B. The latter may be provided with a spherical 
head or threaded at the upper end to fit the holder of Fig. 30a. After the 
head of the test-pii‘ce htus been inserted through the hole in portion A, 
the halves of the spherical-seated washer C are slipped about the speci¬ 
mens and held in placf^ by a nibber band or a split ring. Parts A and B 
are screwed together, and then the low^er end of the specimen is 
socketed. 
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70. Crossed Knife-edge Suspension.—Fig. 31 shows a form of crossed 
knife-edge suspension which has been successfully used at the Materials 



Ficj. 30fi--Hold[‘r.s will) ftphor- Tram. Sac. Auto. Engr.j in^ ComTetij Cylinder in 

ieal Stoats lar Ti'iisiit; Ti‘.sCs. VoJ, 8, pt. 2, p. 162.) Tension. 


Testing Liiboratoiy al. tlui University of Wiscousin in making tension 
tests of concrete speciinens. 

Loading Appliances for Compression Tests 

71. Rigid Bearing Blocks.—In rough testing compressive loads are 
applied tlnough heavy blocks one of which is fastened to the lower side 
of the pulling head of the testing machine and the other is supported 
by the weighing table. With such bearing blocks it is very difficult 
to secure an axial load on the specimen. 

72. Adjustable Bearing Blocks.—For carefully eonducled tests various 
appliances have been devised for imposing compressive loads. The 
spherical bearing blocks shown in Fig. 32, has been extensively used. 
Some experimenters prefer to support this device on the weighing table 
beneath the specimen, others hang it from the moving head above the 
specimen. The latter position i.s the simpler for operation. 
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machines and appliances for mechanical tests 


Ball-bearing blocks have also been widely used in compression tests. 
Fig 33 shows a form of block which is satisfactory for such tests. 

In using any of the above devices 
great care must be exercised to make 
the axes of the bearing block, specimen, 
and testing machine collinear. If defor¬ 
mation mc^asurements are being taken 
the load on the specimen may be made 
axial in the following manner: 

Readings of the shortening of ele¬ 
ments on opposite sides of the specimen 
may be taken for moderate loads and 
the sixicimen adjusted on the bearing 
block until the deformations of all ele¬ 
ments are eaual. 



Fui. 32.- A v'^phrrical BisirinK Block 
UHCil at Uii‘IJiiivcraiiy of Wisconsin. 


In ti'sting columns for th(^ purpose of checking existing theories, 
most investigators have attr'iiipted to make the ends of the si^ecimtm 
free to revolve. Professors Bauscliinger, Considcre,* Tetmajcr, and Lilly 



Viu. 33.—Biill-bciiring Block for 
Conii)i'c:s.sioii Ti'sls. 



S 


^ —.r'—^ 

Fic. 34.- Forost Products Laborat ory 
liuUer Bearing Block. 


niountoil tlu'ir (M)luinns on cone ov knifo-tMipio bcvinnKS ut tho Kravity axes. 
The roller heiiriiifjs (le.‘<ignetl at. the Forest Products Laboratory, tig. 34, 
have also i)roved satisfactory. These bearings have been loaded to 


* liiKonii'ur-cit-i'lii'f rlrs I’lmts rt Ch!iu.s.srcs, Friinpc; i^ev. Hcporl nf 
mission on Mdhotls of Tesling Engineering Materiiils, 1895, Vol. 3, y). 1 


the French Corn¬ 
'll. 
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800,000 lb. When well greased, the coefficient of friction is about 0.025. 
The adjiLsting screws are convenient in centering the column as 
desired. 

SurPOUTING AND LOADING DEVICES FOR TRANSVERSE TeSTS 

73. V-blocks.—Commonly the supporting tools for transverse tests 
are inverted V-blocks which are either fixed to the bed of the testing 




Fig. .35,—Knife EiIrcs witli iSplipriciil Hr:irinp:s for ('n)ss-l)[>iuIinK Tests on Brick. 


machine or which may l)e slid into tlu^ ilissired j)osition. The edges 
of the blocks are roundi'd to f)roduce liiu' tajiitact across the beam, and 
are surmounted l)y metal bearing plates when tests of non-metallic speci¬ 
mens are to 1)C made. Through a similar V-block fixed in the jaws 
of the movable head of the testing inachiiie and liearing upon a metal 
plate or saddle, the load is imf)osed upon the test-piece. Obviously, 
with the above arrangement the be^am is subjected to nu)re or less longi¬ 
tudinal restraint. Furthermore, if the lines of cordact im the beam are 
not parallel to the edges of the Y-blocks, the test-piece will be subjected 
to torsion. 
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74. Adjustable Bearing Blocks.—To avoid the errors encountered 
in the use of fixed V-bloeks it has been customary to mount the beam 
on adjustabh' supports. A muf'h-used form of support consists of a V-block 

mounted on a spherical seat. Fig. 
35 shows such a device which 
has been employed considerably 
at the University of Wiscf)nsin in 
testing vsmall specimens. Fig. 36 
illustrates the form of support 
which Tinius Olsen k Co. ad vocate 
for testing large beams. 

In careful work it is advisal)lc 
to transmit the load from the 
pulling head to the specimen, or to 
tli(‘ auxiliary beams used in load¬ 
ing, through a spheiical bearing 
l)lock. If the specimen is loaded 
at more than one point, rollers 
resting on hard steel plates 
should lie employed to apply the pressure of the auxiliary beams upon 
the test-piece. 



Fia. 30.—An Ailju.stMblc Supporl.in^ Hlofk 
U.scd ill Tusliiiiii; Pi\'iin.s. 


Bedments 

75. The Use of Bedments.—Even though adjustalile bearings l)e 
employed, it is in'cessary that the contacl siirfai*es of tlu^ t(vst-j)iei*e be 
plane and aiiproxirnately [larallel. Metal speciiiH'ns should always lie 
machined or ground until the above conditions are fulfilli'd. I'or the 
best results, specimens of stone, lirick, or concrete should also lie ground. 
However, on account of the length of time and the equipment recpiired 
to grind specimens, many experimenters Vied such ti'st-pii'ci's in some 
material which will lessiai the effects of surfat'e inequalities. If a bed- 
ment is used it should l)e made as thin as possibh^; also, it should be 
composed of a substance wdiicli will not spread or flow' under pressure 
and which possesses the same strength and riastic pioperties as the 
sfiecimen. The latter condition is difficult to satisfy and is, unfortunately, 
often disregarded. 

76. Plaster of Paris.—Beilnients of plaster of Paris have long been 
used. In making such bedments it is good practice to place a sheet of 
sized paper l)etween the plaster of Paris paste and the specimen to pre¬ 
vent the absorption of water l)y the latter, since this action invariably 
affects the strength of the test-piece. The bednumts should be made 
plane and perpendif’ular to the axis of the specimen after wdiich a slight 
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pressure should be brought to bear upon the soft bedrnent and allowed to 
remain until the plaster of Paris has set. 

77. Cement Mortar.—Laboratory practice for molding and capping 
concrete and mortar compression specimens is given in (A.S.T.M. Stand¬ 
ards C39~33.) Where bedrnent is necessary, however, plaster of Paris and 
neat cc^ment pastes are often usral. Such bedinents must be made long 
enough before llie time of ti'sting to permit the paste or mortar to harden. 
The addition of 2 per ciait of calcium chloride, by Aveight, to a high early 
strengtli portland cement ])aste givf‘S a. capping mortar with a compressive 
strength of 6,000 lb./in.- at 1 day. (See also Art. 390.) In general, only 
the toj)s of the specimens need be treattnl, the procfulure being as follows: 
The specimen is placed upon a leveled .'Surface anrl a tliin coat of plastic 
mortar applierl to the top. The bedrnent is tlien finislieLl by pressing down 
upon it a piece of plate glass and truing with a spirit level. 

7B. Miscellaneous Bedments.—Heaver Jh)ard, blotting paper, leather, 
millbojird, anil Avhiti^ l)in(‘ board are occasionally useil as Ixalinents. Of 
the common slu‘et brslinents, Ht^aver Hoard most satisfactory; white 
pin[> board, millboard, and leatlnu' are of some brnudit; while blotting paper, 
sheet lead, and rul)ber are detrimental. (11. F. Goiinerinan, Proc. A. S. T. 
A/., 1924.) 
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79. Essential Features of Extensometers.—For measuring the elas¬ 
tic extension of materials subjected to tensile loads, a gr(‘at variety of 
devices have lieen employed. Four princi])al lypes of (‘xtensometers are 
mierometer-screw with electric-eontaet, indiealing dial, multiplying lever, 
and mirror ap|)a,ratus. In any type of extimsometer the following eon- 
ditioms should ol)tain: 

1. » Th(^ apparatus shouhl Ix' direetly attachefl to the test-piece. 

2. It should Vie arraTigeil to measure deformations on opposite sides 
of the speciimm if the change in haigth of the axis is to be iletermined. 
If the maximum deforma lion of any ehMiient is desired, measurements 
along at least three eharients, preferably 120 deg. apart, are required. 

3. The portions of tlu' apparatus transmitting deformations should 
be parallel to and eipiidistant from the axis of the specimen. If only 
two measurements arc made these should be along lines in the plane 
of the axis and equidistant from it. 

4. The apparatus should be so arranged that the relative positions 
of all parts with respect to the axis of the specimen will remain the same 
throughout the test. 

5. For precise measurements the instrument should read to at least 
0.0001 in. and should be sensitive to half that amount. To determine 
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fJjp firf'urary of the iaslruinpiit, its rpadiiifts shoukl 1)p pliec'ked by porn- 
parisDri witli a si undanliztMl nipasiirijiji; dpvipp. 

{'). 11ip appaiiitus should bp so construplpd Unit it may bp quickly 
af)plipd If) or rcmovcfl from a spcciincii without intprferinf*; with the 
api)lipation of the load. 

80. A Micrometer-screw Electric-contact Extensometer.— In Fig. 
37 is shown a simple form of micrompter-scipw exteiisometpr reading 
to 0.000J in. The uppt'r and lowaa* portions of the apparatus form parts 



Ku. Ii7 \ Mici iniii'f I'l-si'i rvN 
l'il(‘i'ini’-roiiOu'f I'AtciisoiniMi'i 



ctiT. 


of an o|)iMi elect rip cirpuit. (^oidact betw een a mieroineter-screw and 
rod is annoiuipial by the bell whieli rings when the circuit is closed. 
Only [\ small constant curri'iit is used, since a large current will jimq) 
an appreciablf' gap l)etwe(ai senwv ami roil. On aceouiit of the uneer- 
tainty of b(‘ll nu‘chanisins telephone receivers are often svd)stituted. 
To ])revent a closed circuit tlirough the spfH’imeii the vertical rods are 
insulated by gulta percha sleeves placed in the top collar of the instrument. 

This common type of extensometer is quite satisfactory for student 
work, ami with skillful handling wall give accurate results. In operating 
the SLacwvs on this instrument, however, great care must alwa3\s be exer- 
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cised to make the plane of the turning cx>uple exerted by the fingers per¬ 
pendicular to the axis of the screw. 

A similar type of instrument carries a rod at the left attached to the 
lower frame and pivoted on the upper. The micrometer on the right then 
reads double the average extension. 

Bl. An Indicating Dial Extensometef.—Indicating dials reading to 
0.001 or 0.0001 ill. have a very wide range of application in measuring 
deformations and deflections. Figure 38 shows an inexpinisive extensom- 
eter in use at the University of Wisconsin. It is a modification of an 
earlier form devised by H. F. Moore. A 3-in. Federal dial (1) reading 
directly to 0.0001 in., equipped with adjust¬ 
able scale and revolution counter, provid('S 
an easily read and accurate indicator. The 
upper and lower yokes (2) are of aluminum 
and pivot on the attachment screws (3). The 
vertical drill rods (4) and (5) connecting the 
yokes are provided witli small ball and sock(‘t 
joints. Rod (4) acts as a pivot so that rod (5) 
transmits double the average elongation of 
the specimen (6) to tlie dial. The countiu- 
weight (7) serves to balance the weight of 
the dial. 

In assembling the device a gage bar, not 
shown, clamps th(^ yokes at the desired tlis- 
tance apart ujilil the instrument has been 
attached to tiie specimen, (^are must be 
taktai to center the device so that the pkoa^ 
of the rods contains the spt'cimen axis yiid 
each rod is equidistant from that axis. 

If it is desirable to read strains on opposite 
sides of thi^ s|x^ciintni, pivot rod (4) may be 
replaced by a rod similar to (5) and a second 
dial inserted on the top frame. Wire-wound dials similar U) these shown 
in Fig. 46 have been used with mountings similar to that shown in 
Fig. 38. 

82. Multiplying Lever Extensometers.—The Huggenh^ rger tensorn- 
eter is adaptable to a wide variety of strain iniiasurements and especially 
to or 1-iii. gage lengths. The form shown in Fig. 39 has a strain range 
of 0.008 in. and a multiplication of 1200. The pointer (g) is balanced and 
knife edge fulcra are used. For ^-iii. gage lengths the knife edge at (a) 
is reversed. In mounting the device the locking levc^T (/) is released and 
the pointers (p) and (k) are set at the proper ends ol their ranges as the 



i’lu. 30.—A IIufj;,u:eiiberger 

(('uuitu.sy of llnl(l\.in-Southwink 
OorpoiHLiroi,'' 
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knifci arf‘ acljustod to the scribed gage lines at (a) and {h). Care is 

taken to Listvn securely the tensometer normal to the part mea^sured. 
When tht‘ pointer reaches the limit of its range it can be reset by the screw {q). 

An apparatus embodying both a multiplying lever and an indicating 
dial is the Berry * strain gage shown in Fig. 40. This device is partic¬ 
ularly well adapted to the measurement of deformations in i)ortions of 
a structure. Any number of measurements on different portions of a 
beam, column or floor may be made with one instrument provided a 
pair of j/o in. holes, spaced the gage length of the apparatus apart, are 
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Fig. 40.—Berry kStniin-pagr* for Meju^urcnipiits over S-inr,li Tx'n^itha, Clamp far AtlanhinR 

Ai)[)iiriit iis t o ypeeiiiieii iiiiil Conler Pun eh. 

drilled a short distance into each element at the proper place. In meas¬ 
uring, the left pivot which is rigidly attached to the invar-steel side liars 
is placed in one of the holes and tln^ right pivot, which terminates the 
short arm of a five-to-one bell-crank lever, is adjusted to the other 
hole. The long arm of the bell crank rests against the pin of an Ames 
dial reading to 0.001 in. The instrument is placed in the pair of 
holes several times and the average reading of the dial noted; the load 
is changed and the reading repeated. By excreising great care readings 
accurate to 0.0001 in. may be taken with this device. Side bars for 2, 
8 and 20 in. gage lengths can be procured with this instrument. 

* Described in Eng. Record, June 11, 1910. 
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83, Martens’ Mirror Extensometer.—For greater refinement than 
0.00005 in. in the measurement of deformations some form of optical 
lever is generally employed. One of the most areiiratc and adaptable 
instruments is the mirror apparatus devised l)y Martens. The sketch 
of this apparatus, Fig. 41, indicates the principle of operation. In this 
instrument the multiplying levers shown in Fig. 39 are replaced by small 
mirrors, (4) (Fig. 41), which are attached to the rhombic fulcra (3) so 
that the axis of each fulcrum passes through the reflecting plane of its 


mirror. The deformation of the 
specimen causes slight rotations of 
the mirrors. The latter are de¬ 
termined by observing successive 
positions of the cross-hairs in the 
telcsco[x^s (5) with respet^t to the 
images of the scales (6), thus 
finding o and ry. 

A ladder idea of thearrangiment 
of the fulcra and mirrors can be 




Fig. 41.—Diagram rnatid Skeifli of Mar- Fig. 42.—Fulcra and Mirrors of Martens' 
lens’ Mirror ExteiLSoineler. Extensoineler. 


gotten from Fig. 42, which presents a view seen fi nm the telescope. The 
mirrors (7) may l)e adjusted about a vertical line through the pivots 
of the frames (8) by means of screws (9). The spiings (10) hold the 
mirrors against the screws. The mirrors may also be turned about the 
spindles connecting them with the fulcra (11). To balance the weight 
of the mirror each fulcra i.s provided with a counterweight (12). By 
making the vertical arms (13) parallel to the bai's (1), the positions of 
the fulcra (11) may be accurately adjusted to the gage length for which 
bars were designed 

The entire apparatus is very light and may be quickly placed upon 
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the test-piore. If a flat scale is employed, proper correction to the read¬ 
ings must, of course, be inatle. With careful handling readings to 0.000002 
in. can be taken with this instrument.* 

04. Autographic Stress-diagram Appliances. —A number of devices 
have been employed for obtaining autographic or semi-autographic stress- 
diagrams. The great objection to many of these devices has been that 
they involved so many moving parts that tliey were too complicated to 
be practical, and the inertia anti friction of the parts produced inaccuracy. 
It is not likely that any of these devices are accurate enough to determine 
the mothilus of elasticity, but some of them are satisfactory for determin¬ 
ing the elastic limit, the yield point, the ultimate strength, and the shape 
of the stress-tlefonnation curve*. 

The device shown in Fig. 43 f of the semi-autographic type, and is 
built so that the* accuracy of the strain measurement can l)e made as great 
as is desirable. The* stress measurement is more approximate and depends 
on the movement of the ])oise on the weighing beam of the testing machine. 
The purpose of t.his d(*vice is to determine the elastic limit and yiehl point, 
Init not the com[)lete stress-deformation iliagrain. 

JOssentially the device consists of a mechanism which puiu'hes a i)in 
hole in a card attached to the weighing poise. The ciinl moves horizon¬ 
tally with the poise in proportion to the load, while the ininch is moved 
vertically by a pawl ainl rack over equal distances, corresponding to equal 
increments of strain in the specimen. 

The r)i)erator watches the extensometer which is attached to the speci¬ 
men, and ])ushes a button when predetermined etpial increments of defor¬ 
mation !ire noted, ''bhe mechanism then Jiutomatically punches the card, 
and n(*xt causes an upward movement of the ])unch. The etpial vertical 
distances between punch marks are proportional to the etpial increments 
of deft)nnatioii, and the horizontal distances are proportional to the stress. 

W. Vj. DalbyJ lias designed an optical load-extension indicator which 
eliminates some of the errors commonly met with in autograidiic devices, 
and by means of which the complete stress-strain diagram may be obtained. 
The extension of a standard bar in series with the specimen is used to 
measure the loail, the ext.ensions of both standaril bar ainl specimen are 
multij)lied l)y ojitical levers, and the extension of the standard bar is 
measured at its axis to prevent errors due to uneiiual extension anil 
bending. 

Figure 44 shows diagrams of the apparatus. The standard bar, W 

* For a more cnmplctt^ desrription and discussion nf thr Martens’ mirror apparatus 
RPC Miirlcns’ IIn7\(Ibn[}k f}f Trstiiig Mnirrinls, translated by Cl. C. TTniming. (Out of 
print.) The rip|)aratus is made by J. Amslcr-Laffon & Sons, Schaffhausen, Switzerland. 

t Prnr. Atutr. Sar. for Tist. 4/f//., 1!)20, p. 301. 

XPrw\ Roywl S\H\^ Vol. lSOA, 1!)12, p 414. 
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(shown also to an enlarged scale), is bored out to take the optical appa¬ 
ratus for magnif 3 dng the extension of this bar. A small concave mirror, 
Af, is free to turn about the axis joining points 1 and 2. A light steel 
tube, tilts the mirror, ilf, when the standard bar, It, is deformed. 

A beam of light starting from the source, Z, is reflected by the fixed 
mirror, Q, onto the mirror, il/, from which it is reflected by the mirror, 
Nj and then is brought to a focus r)n the photograpliic plate, F. The spot 



Fio. 43. - Marshall Elastic Limit Recorder. 

(CourO-sj/ of C. II. M nr .shall.) 


of light, therefore, moves horizontally across the plate due to the tilting 
of the mirror, M, in proportion to the load on the specimen. 

To obtain vertical movement of the spot of light proportional to the 
extension of the test specimen, P, the mirror, N, is mounted on an axis 
placed at right angles to the axis 1/2 about which the mirror, M, turns. 
The axis of N is connected to the specimen, I\ by means of a linkage. 

A frame, /, carries the two lower points which are forced into the 
specimen, and a frame, G, carries the two upper points. The frame, (7, 
carries a bell-crank lever, L. The movement of the bell-crank is trans- 
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mittetl to the link, K, the hanginK lever, V, and the coupling rod, U, to an 
arm clamped onto the axis of the mirror, N. Deformation of the specimen 



Fig. 44. —Diagnim of Dalby’s Autographic Load-extension Indicator. 

(From Engineering, London, Vol. 103, p. 47f).) 

causes tilting of the mirror, N, and the spot of light travels vertically 
on tlie photographic plate in proportion to tlie extension of the specimen. 

Tins api^iaratus is very easy to calibrate with tlie specimen in place, 
both for load and deforniaLion of specimen. Tests can lie made at any 
convenient speed, and complete load-extension diagrams have been 
obtained with this apparatus in rapid tests which took place in 10 seconds. 

COMPRESSOMETERS 

85. Essential Features of Compressometers.—The conditions men¬ 
tioned under essential features of extensometers apply with equal force 
to compressometers; and the use of an apparatus which measures the 
relative displai einent of the bearing surfaces on either end of the speci¬ 
men should neve r be permitted if the modulus of elasticity of the test- 
piece is sought. 

86. Brief Discussion of Various Types of Compressometers.—Inas¬ 
much as the principles of measurement are the same for both extensom¬ 
eters and compressometers, only types of the latter in which the method 
of attachment differs from that employed in the previously illustrated 
extensometers will be considered. 

Figure 45 shows an indicating dial compressometer used at the Uni- 
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versity of Wisconsin, primarily for tests on concrete cylinders and wood 
prisms. It is equipped with two 3-in. Federal difils with adjustable scales 
reading directly to 0.0001 in. The collars are split and have three-point 
contact with the specimen. The gage length can Ixi easily varied by 
changing the length of the rods. The gage bar is removed prior to test. 
Modification of the collars permits use for measuring strains in columns. 

In Fig. 46 is shown a wire-wound dial compressometer also often used 
at the University of Wisconsin in testing cylinders and columns. The 



Ties. 45. -An IrulicMting Dial FiG. 46.—A Wirn-wtMiiirl Dial Com- 

Compressumoter. pressomctiT for Cyliudtrs and 

Columns. 

split rings at the top and bottom have thre(‘-point contact and dials 
may mounted on thest'. to measure deformations along two or more 
lines parallel to the axis of the test-piece. This apparatus also measures 
to 0.0001 in. 


I) EFLE CTOMETERS 

87. Essential Features of Deflectometers. —To measure bending 
of beams, columns, floors and other elements of structures an instru¬ 
ment called a deflectometer is employed. The essential conditions which 
should obtain in a deflectometer designed for accurate measurements are; 

1. The apparatus should indicate the relative deflections of points 
in the neutral surface of the member. In many forms of deflectometers 
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the apparatus itself is suspended from the neutral surface at four points 
directly above the supports and the deflections measured with respect 
to a plane throup^h the points. 

2. The parts of the deflcctometer forming the datum to which the 
deflections are referrt^d should be unstressed. This principle is often 
violated. A common practice is to measure deflections with reference 
to the Ijcd of the testing machine, assuming this to be rigid (see Fig. 48). 

3. Provision should be made for detcrinining the deflections of both 
sides of the test-piece. 

4. For most work an apparatus which is sensitive and accurate to 
0.001 in. will be found satisfactory. 

B8. A Dial Deflectometer. —Fig. 47 represents a dial deflectometer 
which lias |)roven to be a very satisfactory instrument for measuring 
small deflectit)n.s. The side bars (1) forming the datum plane of the 
device arc freely supported on pins driven into the neutral surface above 



FiiJ. 47.—Wire-wound Dial Definctonietcr Used at the University of Wisnonsiii. 


the end bearings. To pie vent the bars from rubliing against the sides 
of tile specimens washers (2) are inserted as indicated. (-lamp (3) holds 
the side l)ars in placi' and prevents them from vibrating during the test. 
Yoke (4) is clamped l)y in(;ans of thumb-screws to the neutral surface 
at the iioint whose deflection is to be measured. In transmitting the 
motion of the yoke to the dial on the side liars, use is made of No. 38 
eovenal coiiiier wire. One end of the wire is attaidieil to the pin (5) 
driven into the side bar shown at the right of the sectional view. The 
wire is thiai carried around the three idler pulleys (0) and wrapped 
around the drum of dial (7). Weight (8) serves to hold the wire taut. 
If the parts of the a])paratus are properly arranged the increments in 
dial readings will lie twici' the deflection of the beam. If the deflection 
of each sidi^ is desired the device can be readily modified to meet such 
requirement. With this instrument readings of deflections to 0.0001 in. 
may be made. 

89. Multiplying-lever Deflectometer.— Fig. 48 illustrates a common 
type of lever defleetoiueter reading to 0.001 inch. Frequently, this 
device is so ariaiiged that the movement of a point on the lower side 
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of the beam with respeet to a point in the base of the testing machine 
is gotten. Unless the deflection of the base of the machine is knmMi 
to be of no consequence, allowant'e should be made for it. Furthermoie, 
the indentalion of the specimen at the supports enters into measure¬ 
ments made in this manner. 



Fni. *iS.—A Li'vcr Di'floftonuaur vvilii ArljusOiljli^ iSliort Arni. 

Other convenient devices employing the lever principle are illusti'ated 
in Fig. \) and Fig. 10. 

90. A Wire-mirror-scale Deflectometer. —A veny simple and conven¬ 
ient foi'in of d('flectonu‘tei' for ii'sts in which larg(' deflections are to Ije 
measured is indicahnl in Fig. 40. In carefid work the oj)])osi1c^ side of 
the beam should b(‘ (Miuip[)ed with a dii])licatt‘ of tlu' appliance shown. 



Pro. 1!). A \\'in‘-niiiri)r-snili‘ Di'Mim*! niiirli'r. 


File tine wilt' (1) which i)ass(‘s ovi‘r pulley (2) and is kt'pt taut l)v wrdght 
(4), is attaclual to i)ins i)la(*ed in the neutral siirfaci' above suppoits and 
forms the datum from whiidi tlie deflections ai(^ mi*asured. d1ie higldy 
polished scale (d), ordinarily graduated to O.Ol in., is also suspimdiMl from 
the neutral surface. In reading, the obsia'ver bi'ings lus eye intr) the plane 
of th(^ wil e and its image and nuti^s th(^ division intercejiled on the si'ale. 

Beam Deformeteks 

91. Wire-wound Dial Deformeters. -Fhe ilevice illustrated in Idg, 
r50, which is a niodifii*alion of the extensometer in Fig. dO, is employed 
to measure tin* defonnations in tin* longitudinal fibers of a beam. Gen¬ 
erally such nnaisurem(*nts are made upon the top aaul bottom fibers. 
If fibers nearer the neutial surface are to be measured, deeper U-shaped 
clamps must be provided. 




90 MACHINES AND APPLIANCES FOR MECHANICAL TESTS 


92. Other Tjrpes of Deformeters. —Many experimenters have em¬ 
ployed ai)paratus of the type shown in Fig. 51. Some have replaced 
the micrometer-,screw hy jhals wilh friction rollers. An objection to 
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Fjo. 50.—irc-vsuuiiil Dial Dolnrnielei Domi'i' r^inl Id IMca.surc Tiher Stresisoa in 

Poanis 

the form of frame shown is that free motion of the iijiper and lower 
points of contact is restricted more or less dej)endiiif» on the rigidity of 
the frames. 



I’k; 51 MuToiiu'ter-hiTow DL*furmi‘ters 


The Berry strain-gage shmvn in Fig. 40 is a very useful device for 
measurements of all sorts of deformations in beams. 
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Dethusion Indicators 

93. Porter’s Detrusion Indicator.* —Essentially, this apparatus con¬ 
sists of two rinp^s, each of which is clamped to the specimen by three 



Fig. 52.—Porter's Indioator with Distauro Bars in Plane. 

set-screws, see Fig. 52i The distance between the rings is fixed by gage 
bars provided with studs for centering the test-piece. The right-hand 
ring is graduated in degi ees and supports, on a ball-bearing, a concentric 
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Fin. 5S.—Torsion Inclinator Used at the University of Wisconsin. 


ring provided with a vernier reading to 5 minutes. The vernier ring 
is moved by a finger attached to the left-hand ring In order that the 
• Described in Proc. A. S. T. Af., Vol. 10, p. 678. 
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parts of tho apparatus may be free to move as the specimen suffers change 
in length, a ball joint is provided to connect finger and vernier ring. For 
setting the vernier to read zero the connection between the finger and 
vernier ring is equipped with a slow-motion tangent screw. The instru¬ 
ment shown was made for specimens less than Ij in. in diameter and a 
gage length of 3 in. 

94. A Dial Indicator of Detrusion.—An apparatus for detrusion 
measurements which has been in use for several years at the University 
of Wisconsin is illustrated in Fig. 53. The twist of the section of the 
specimen between the arms (1) and (2) is transmitted through No. 38 
covered copper wire to the drums (3) and (4), respectively. The spindle 
(5) carrying drum (3) actuates the pointer (6). Similarly dial (7) is 
connected to drum (4) by spindle (8). From this arrangement it is, 
therefore, evident that the twist between the two sections of the speci¬ 
men can be gotten by noting the relative positions of pointer and dial 
corresponding to the increment in torque. In the apparatus shown the 
multiplying factor is 40, and thi'. dial is graduated in one-half degrees. 
Any deflection produ(U‘d by l)ending of the s|)ecinien during the test will, 
of course, affecd- the readings of this ap|)aratus. How(wi‘r, a rough com¬ 
putation quickly demonstrates that sucli effects are negligible. 


Miscellaneous Apparatuses for Measuring Deformations 

95. Multiplying Dividers.—A very efficient little device for accu¬ 
rately locating the yield point in a tension or compression test is Capp^s 

Fia. 54.—C:i|)jrs MultiplyiiiK Dividers for DetertiiiK 11 »p A ield Point. 



multiplying dividers, shown in Fig. 54. In performing a test with this 
instrument, the operator grasps the cupped pivot-heads between the 
thumb and fing(T of his left hand and places the hard steel points on 
the end of the short arms in punch marks spaced 2 in. apart. By this 
method the operator’s right hand is free to move the poise on the scale- 
beam if the machine is not provided wdth an automatic drive. For 
elastic stresses the motion of the pointer over the scale is hardly appre¬ 
ciable, bub when the yield point is reached the rapid increase in the rate 
of motion of the pointer instantly warns the operator of the fact. 
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With such a device mistakes in the location of the yield point due 
to slipping of the grips are obviated. In tests of high-carbon steels, wire, 



and other materials having a high yield point 
the drop-of-beam method is very uncertain at 
I)est. By using the divider method, however, 
a distinct indication of the yield point can be 
rearlily obtained. 

96. A Recording Bridge Deformeter.— The 

apparatus shown in Fig. 55 was designed by the 
Structural hhigineiuing Dejjartment of the Uni¬ 
versity of Wisconsin to measure the deforma¬ 
tions in l)ridge members while subjected to 
moving loads. The movement betw(‘en the 
gage points of the apparatus is transmitted 
through a long rod to a light, rigid lever 
actuating a pencil point which ret’ords 50 times 
tlu‘ tleformation on the diagram sheet. The 
latter is wound a))oiit the ilrum which is turnetl 
by an electrically controlled clockwork. A number 
of thes('. instruments waae used with success 
in a long sc‘ries of experiments by the American 
Hail way Engineering and Maintenance of Way 
Association.* 

97. A Wire-Rope Extensometer.—A simple 
and ihiialde device for measuring the elonga¬ 
tion of wire-rope is illustrated in Fig. 56. 
Increments of elongation are det/ermined by 
taking simultaneous readings on the upper and 
lower pairs of scales by ti’ansits or t-cdescopes 


set up a short distance from the test-jar'ce. The 


scales are graduated to 0.01 in., and readings 
to half-hundredths may be established. Twist¬ 
ing of the roj)e does not materially affect the 
residts if t'acli tidescope be placed on a level 
with the corresponding pair of scales. Fui- 
, r<* A Ti- thermore, since the device is not delicate or 

Exteiirtometor. [a) View c^xpeiisive and tire observta- well back from the 
froiiiTolesrope; (?/) ( Momp test-pieco, readings may be taken until the 



for Attiiiluiig Snili's to specimen fails. 
Hope. 


* Lulletm of Amcrinin Railway Ejigineering and Mainlmance of Way Association 
No. 125, p. 1); filsu Knginecriiig News^ June 20, 1007. This apparatus is made by 
A. Wisslcr Instruineut Works, St. Louis, Mo. 
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CHAPTER III 


THE MECHANICAL TESTING OF STRUCTURAL MATERIALS 

98. General Observations. —Mochanieal tnsts are tliose used to 
discover the qualities of the materials of construction under the action 
of external force's. Such tests, if they are to be of ioe)st value, should 
be made iindea- conditions api)roxiiiiatin 4 ; as closely as jK^ssible those of 
practice. By standardizin^j; these conditions the rtsulls beconui com¬ 
parable wherever or l)y whomsoc'ver thay art' made and nrv, of very great 
importance in determining the prt)p<*rties and value of building materials. 
If such results can \n) made wholly ind(*pejident of the nii'ans employed 
in making the tests, and hence to furnish a k*iO\vledgf' of the true char- 
act(‘ristics of th(*, mat(*rial, they can la; used s ifely in theori'tical geiu'ral- 
izations on the one hand, and in the practical designing of stru(;turi\s on 
the other. With many kinds of t(\sts this ideal divorcement of the resulta 
from the conditions of the tests can c(;rtainly never be attained, as in the 
case of tests by impact, but it tloubtless can be i)racti(;all 3 ^ attained in some 
of the more simple t(;sts, as in tension and et)mpression. In the former 
case the most that can be acr;onq)lished is to presiiribe uniform comli- 
tioFis in order that the nssults ol)tain(;d by diffei'i’iit expei’imenters may 
be comparable, although tlu^y may not serve for at;curati; scientific general¬ 
izations. They might also serve to give a relative valut' to the various 
materials or samples so tested, and to grade thtan with some degree of 
approximation to their true relative merits for a proposed purpose. Such 
tests, therefore, may serve fully their imnn'diate ol)j(;ct even tliough the 
results can be given no absolute signihcame whatever. If, howa;ver, 
the conditions of suf'h tests are allowed to vary, tlu'y lose even this rela¬ 
tive significan(;e, and therefore become quite worthli'ss. The standard¬ 
izing of any particular kind of test evidiaitly depcaids on the state of the 
science at the time; and as our knowledge; of any particular property 
of a material increases, it is probable that our slanilard methods of testing 
will also have to change. No such standards, thert'fort;, can l)e fixed per¬ 
manently, but certain methods can Ijc agreed mi and followaal for a time, 
and when a tdiange is made let all change together. To attain to this 
kind of unity of action it is necessary to have a wnirld’s representative 
body which will command the confidence and allegiance of both the theo¬ 
retical and the practical users of materials in all civilized countries to decide 
such questions. 
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The efforts of the International Association for Testing Materials 
towards securing such unity of action in various countries have not thus 
far been productive of great reforms, although the outlook is hopeful. 
Within America, however, the American Society for Testing Materials 
and the American Standards Association have been successful in standard¬ 
izing imdhods of testing and the specifications used in the United States. 

Evidfuitly no complete standardization can be effected for tests on 
entire structural forms, since these vary in shape, size, and disposition of 
parts, but specimen tests can be standardized since all significant condi¬ 
tions can be made uniform. 

99. Mechanical Tests Classified.—In a general way we may divide 
m(‘chanical t(‘sts of building materials into the following classes: 

With rtd’erence to the method of applying the loads we have— 

(1) Sialic Testsf or those made with gradually increasing loads, such as 
the ordinary tests in tension, compression, cross-bending, torsion, and 
shearing. 

(2) Dynamic Tcsts^ or those maile with suddenly applied loads, as by a 
falling wtright. 

(3) Wcarimj Tests, or those made for (hdermining resistanei'. to abrasion 
and impaet, as in thc^ case of paving-materials. 

With rtderemu^ to the cliaraeter of the test specinnin we have— 

(1) Sprrimen Tests, or those made upon specimens of the material, 
specially prt'joared ami givaai standard forms and dimensions. 

(2) Structural Tests, or those made on full-sized structural forms, as 
floor systems, l)ridge inemljia’s, brir*k piers, f)ipes, wire ropes, chains, 
riveted joints, etc., or on the structure as a whole, such as boihu's, simple 
trusses, frames, and various parts of machim^s. 

Complete standard rules for making tests of structural materials can 
be adopted for making all kinds of tests on specially prepared specimens, 
but they can be only partially prescribed for tests of structural forms. 

THE ACCURACY OF MACHINES AND APPARATUS 

100. Methods of Determining the Accuracy and Sensitiveness of Test¬ 
ing Machines.—(General considtaations of the accuracy, staisitiveness, 
and cornlitions which shoulrl oldain in testing mardiines have been given 
in Ch. 11. Since it is of vital importance that the user [)f a testing 
machine should know a|)proxiinately at least the accuracy of his machine, 
a brief stateimmt of methods commonly used for testing accuracy and sensi- 
tiveiH'ss will here be made. 

In testing the aceuraey of vertical static-load machines five to ten 
equal increments of deail load can be placed on the platform of the machine, 
or on extensions formed by I-beams, and the corresponding readings of 
the weighing device compared with the known loads. After each incre- 
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ment of load has been added the sensitiveness may be determined by 
finding the additional weight which is required to make a perceptible 
indication on the weighing device. This method, even when pig iron is 
used, is too cumbersome and laborious for loads above 10,000 to 20,000 lb. 
In calibrating machines of the lever type, loads of this magnitude are 
sufficient to determine the multiplying factor for the lever system and, 
assuming this factor constant, a corrt^cticn coefficient applicable to the 
range of machine may be deterinined. It is not safe, however, to estimate 
the sensitiveness at high loads to be proportionately the same as at low 
loads. In calibrating hydraulic machines in which friction is a factor, 
it is desirable to t(‘st the machine to full capacity. 

Standardized calibrating levers, with weights, 
in capacities up to 100,000 lb. are availabh*,. lliey 
furnish a more expetlient means of calibrating 
over a greatf'r range of loads than the dead weigh 1 
method. For procedure in calibrating testing 
machines, see A.S.T.M. Standardii. 

The cDmparati\'ely large elastic deformatiun 
of a steel ring when vsubjectful to a load in i^s 
diametral i)lane alTords a reliable measure of the 
api^lied load. Mondiouse rings fit ted with accurate 
permanently attaclied (‘xttaisoineters utiliz(^ this 
principle for calibrating li sting machines. C'alilu’ations by the U. S. Bu¬ 
reau of Standards indicate that these devic^^s are accurate to two-tenths 
of one per cent btd vveen two-tenths capacity and full load, liings with 
capacititis up to d00,000 lb. are obtaiinible. 

Ainsler boxi^s in capacities up to 1,000,000 lb. proviile compact means 
for calibrating testing inachin(\s. They are said to bi* accurate to one- 
half per cent in the upper nine-tiaiths of their load ranges. The volumetric 
elastic strain ol’ a hollow cylindrical l)Ox indicat(*.d by a mercury gage 
measures the load applied by the tiNsting machine. Hence tianperature 
effects must be ehminati^d in calibrations. 

Calibrated annealed steel bars or compression cylinders of high (dastic 
limit so proportioned that they need not be stressed beyond two-thirds of 
their elastic limits are used for calibrating large testing machines to 
capacity. They should be axially loaded and fitted with self-indicating 
extensometers wdth gage length and accuracy such that the least reading 
will correspond to a load change not greater than 0.2 per cent of the capacity 
of the machine. If a compression cylinder is used, the slenderness ratio 
should not exceed 20; and, if hollow, the thickness should equal one-eighth 
of the diameter. 

Calibrating test-pieces should be. standardized at the Bureau of Stand¬ 
ards or on machines of known calibration. Care should always be taken 
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to standardize such a test-piece under the same conditions as will sur¬ 
round the specimen when it is used for calibration purposes. A half dozen 
or more increments of load may be applied to the calibrating specimen 
at a speed not to exceed 0.1 in. per minute and corresponding readings of 
the deformations taken. After each increment of loading, the dead weight 
required to produce a movement of the weighing device furnishes a measure 
of sensitiveness. 

Pressure gages on hydraulic machines should be frequently calibrated 
througliout the entire range of loading. If the pressure in the jack is 
measured to dnterinine load on machine, calibrations under increasing 
and decreasing loadings should be made with the piston at different posi¬ 
tions in the stroke. By so doing variations in the frictional resistances 
can be determined. 

101. The Calibration of Apparatus for Measuring Deformations.—For 

certain classes of testing, a knowledge of the aricuracy and sensitiveness 
of apparatus used to measure deformations is of as great value as similar 
information concerning the testing machine. For most purposes an 
accuracy of I |Xt cent is sufficient in such apparatus. Essential consider¬ 
ations for different types of deformation apparatus have been discussed 
in the preceding chapter. When conditions permit the calibration of 
sucli devices may well ])e left to stanrlard laboratories such as the Bureau 
of Standards or the Watertown Arsenal. If calibration is done in the 
houK' laboratory, the following method serves for a rough test of accuracy 
and sensitiveness. 

The apparatus may be attached to a steel test-piece for which the stress- 
deformation curve has l)een actairately determined; and the test-piece 
grippi^d ill a standartl niamier by the machine, so that slipping and improper 
distribution of stress are avoided. Increments of load are very slowly 
and uniformly applied to the test-piece and the corresponding reatlings 
of the apparatus taken. After each increment of loading one may deter¬ 
mine sensitiveness by oliserving the increase and decrease in load required 
to produce a readable change on the deformation apparatus. 

If a standardized deformation apparatus is at hand, it may also be 
attached to a specimen under conditions similar to those surrounding 
the apparatus which is lieing calilirated. The unknown device can then 
be compared with the standard under loading conditions indicated above. 

A more accurate method than the above for calibrating extensometers 
and compressometers consists in clamping one end of the apparatus 
to a dummy sjiecimen liehl in a lathe chuck and the other end to the cen¬ 
tering spindh' of the tail-stock. By using a microscope with a standard¬ 
ized microimder eyepiece the movements of the pivot end of the spindle 
can be determined and compared with readings of the motions regis¬ 
tered b}^ the deformation apparatus. If a precision lathe can be had, 
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one part of the extensometer may V)e attached to the spindle on the tail- 
stock and the other to a spc^cirnen held on the lathe carriage. In this set¬ 
up the axes of specimen and spindle should he colinear. The lathe may 
then V)e set so that the carriage tiavels .02 or .01 in. per revolution of the 
chuck and a comparison of the deformation apparatus with the lathe 
screw determined. 

Using a standardized linear dividing engine, reading directly to 0.002 
mm. or less, still greater refinement may be olitained. With such apparatus 
it is possible to calibrate scales, inicronieters, and practically all of the 
deduces used in measuiing deformations. 

When caliVirating apparatus in which accuracy in fabrication is based 
directly or indirectly upon the accuracy of a screu, readings of say one- 
tenth the range shouhl be taken oxer the entire range of the apparatus 
to determine the cumulativ(‘ error of the device. IVviiodic errors may be 
ascertained by a large number of readings of small increments of motion 
over a limited portion, say one-tenth, of the range. Furtliermore, to 
eliminate i)eriodic errors in the calibrating device it is essential that the 
apiiaratuses undei- eomfiarison be shifted several timi^s and the entire 
range and partial range* calilnations i’(^peated. 

To avoid errors dm* to lost motion in scrt^w-calibrating devices one must 
always apiiroach tin* devsiii‘d r(‘;iding from the saiin* dir(‘(*tioii. Ik) <accu- 
rat(‘ly det(*ct lost motion or lag ami to iletermine tlie si'iisitiveness of the 
deformation apparatus, ol)s(‘rvations on minute forwai’d and back motions 
of the moving part of tin* apparatus may be made under a microscope 
provided with a micrometer eyepiece. 


SELECTION AND PREPARATION OF SPECIMENS 

102. Selection of Specimens.—It must be recognized at the outset that 
specimens are selec^ted for t(?sting with either of two objects in view— 
to compare the mechanical properties of tu'rtain matia’ials or grades of the 
same material, or to avscerlaiir tin* influema* of ceiiain conditions of fabri¬ 
cation, treatment and usagt* on the mechanical properties. In eomj^aring 
mechanical properties the size, shape, metliod of faljrication, and sub¬ 
sequent treatinent of the specimens are generally standardized, but in 
ascertaining the effects of structural coiulitions one or more of these is 
made variable*.. Wdnai choosing specimiais for any kind of test the inspec¬ 
tor must constantly bear in mind that the test results are valueless unless 
the specimens are truly representative of conditions and properties under 
investigation. 

The numerous specifications of the American Society for Testing 
Materials, American Society for Mechanical Engineers, the Society of 
Automobile Engineers, American Railway Engineering Association, and 
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others, in general, cover the method of selecting test specimens of metals 
and metal elements which are to be used for various purposes. Test- 
pieces may be cut from the finished casting or rolled product. If the 
quality of metal is to be ascertained, specimens of cast metals should be 
separately poured into vertical dry molds. If specimens are cut from 
castings, it must be rianembered that shrinkage strains exert a pronounced 
effect upon strength at all corners and angles in the casting and tliat the 
outside, especially in cast-iron members, is often much stronger than the 
center. When specimens are cut from rolled structural shapes, one should 
consirler that the metal in thin parts is harder, tougher, and stronger than 
that of thick portions which has received less work under the rolls. With 
wrought iron especially, specimens cut with the direction of the rolling are 
stronger and more ductile than those cut normal to the rolling. In steel 
plates there is little difference, and in rolled brass and copper plates there 
is no difference. In tlie case of the bronz(!S it is necessary to have test 
samples poured from different parts of the same melting, as the mixture 
changes its charact(.*ristics rapidly when in a melted state. 

Piles of brick or building tile may be subdivided into small piles and one 
or two samples representing (;ach small pile chosen. In sidecting samples, 
color, d(ipth of kiln-mark, number and position of checks and spalls, and 
ring under the hammer should be considered. If the sampling is done at 
the kiln, th<^ position of the specimens with respect to the sourci^ of heat 
must be considered. 

Specimens of stone shoidd be selected from the diffenuit strata which 
arc being worki'd. If the surface has been exposed to the weather for a 
considerable time, specimens should be cut from the interior. The faciis 
of specimens should bt* referenced with respect to the rift in the rock. 
Portions of rock adjacent to blast holes should be avoided. 

In selc^cting timber specimtais, the rate of growth of the tree as told 
by the annual rings, position in the tree, the proportion of heartwood and 
sapwood, the proportion of spring and summer wood, the moisture con¬ 
tent, the method of seasoning, and the character and position of defects 
must all be considered. (See A,S.T.M. Siandards^ Des.: DI43"27.) 

The number of specimens to be selected to secure a representative 
average for a material will depend both upon thi‘ uniformity of the material 
and the uniformity of testing. Two or 3 specimens are sufficient for a 
tension test of a uniform metal whereas 5 to is a better number for 
compression tests of a variable masonry material requiring bedment. If 
n = the number of specimens such that the chances are 1 in 10 that the aver¬ 
age of n will be in error less than x per cent and ri = the standard devi¬ 
ation of a large number of spc‘cimens (>100) from their average, then from 
the laws of probability* = (1.64d/j:)“. Hence if d = 15 and x=10, n = 6. 

* St'.c paper by R. W. Crum on the number of specimens requireil for such materials, 
m Significance of Tests of Concrete and Concrete Aggregates, A.S.T.M. publication, 1935, 
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103. The Preparation of the Specimen.—In order that the speci¬ 
men may fairly represent the material, plate, bar, or rolled form from 
which it is to be taken, it is necessary to observe a number of require¬ 
ments. 

The specimen must be obtained by cutting it out in a way that will 
leave it perfectly straight. If a metal test-piece is bent in getting it out, 
it should be heated to straighten it; but this may often change the original 
molecular arrangement, and should be avoided if possible. When the speci¬ 
men is cut from a larger portion of a plate or rolled form by shearing, it 
will invariably take a curved form. In this case thv. platen or fornix should 
be sheared away from the specimm, in narrow slices, so as to leave the test 
specimen unbent. If tin* sj^eciinen is bent and then straightened, it raises 
the elastic limit and hardens the metal, the same as an>^ other kind of cold 
working. Instead of shearing, some milrler process, such as planing or 
drilling or sawing, should be resortt‘d to io obtain the test specimen. 
For, besides thi‘ bending action on the bar as a whole, the ['fleet of the 
shearing or punching is to embrittle the metal for about an eighth of an 
inch beyond the slu'artMl surface, hence under a tensili‘ test these surfaces 
will be severed causing a prt'inature failure of the remainder of the cross- 
section. To preveavt this action on sheanal or punched specimens, at 
least an eighth of an inch of thickm'ss should be removed from all punched 
or sheared faces, by reaming, planing, or filing. 

Final finishing of hard metal sp(‘cimen.s shovdd be done with a file 
in order t ;0 avoid the torn and bruistal snrf;u‘e c[)jiditions whiidi result 
froiri the use of latlie and planer tools. Soft mvUd t(‘st-pi[a'.es should l)e 
finished with emery clotli. If the skin is rtanoved from a casting by 
planer or milling tli‘vice, i(. is widl to remove tln^ rectangular corners with 
a file in order tliat incipient cracks or irrc'gnlarities caus(al by the tools 
may be eliminated. If soft metal sjK'ciimms must be vStj aightened, wooden 
or copper mallets should be employed; a steel hammer sliould never be 
used. The emls of metal i-ompression specimens should be accurately 
ground to parallel plane surfaces. 

To avoid the iuclnsion of material which may have been weakened 
in quarrying, it is necessary to saw compressiou tr\st-pi(M;es of stone from 
the interior of blo(;ks stjnuuvhat huger than the test-pi(H5es; roughing out 
the specimen with hammer and chisel may cause a large reduction in 
strength. If tlu^ latter methofl is permittcul, care should be taken to make 
the sides of prismatic specimtms plane. If arauirale results are desired, 
it is well to grind to true planes the surfaces which are to be subjected to 
pressure. Specimens of brick, Vuiilding tile and concrete will show greater 
strength if similarly treated. Since the expense of this work is often 
prohil)itive, bedments such as are described in Art. 7h, 77 and 78 are often 
used to overcome the effects of surface inequalities. 



104 THE MECHANICAL TEST INC OF STRUCTURAL MATERIALS 


TENSION TESTS 

104. Significance of Tension Tests.—Tension tests are more com¬ 
mon, more readily made, and more useful in revealing the true char¬ 
acter of a metal than any other kind of mechanical test. In fact, when 
other kinds of tests are made it will commonly be well to accompany 
them with a few tensile tests for the purpose of being able better to co¬ 
ordinate the results Avith those obtained on other materials by similar 
tests, or on like materials by different tests. In this connection, however, 
it is well to rememy)(‘r that all metals are wanting in stiict homogeneity, 
and that they may be regarded as aggregations of more nr h^ss dissimilar 
elements embeiirhMl in a common matrix, sommvhat like granite. (See 
Art. 02;! and For instance, the planes (A rupture will l)e different 

for differtmt kinds (A tests on the same sptHamen, and henc(^ the strength 
developed will be that of a different cf)ml)ination of ehanents in each 
case. Also, the strength to resist various kinds of stress may lie in 
different elenuaits of tlu* aggiegation, as, for instanci^, in gray east iron 
the t('nsile strength is (lc‘|)endent both on tlu^ jiroportion of frta; grapliitc 
tlakt'S aiid rni (lu‘ siiuMigth r)f the impure iron grains, whi'reas the t‘om- 
pressivt^ strength is iiriniarily (h^pendent upon thi‘ strtaigth of thti iron 
grains. 

What \vi) (‘all tln^ niaxirnuin strength of thr‘ inatiadal, therefore, or its 
strength at riii)ture, is not usually t.he sum r)f the maximum resistances (.)f 
the several ('lem(*ntary portions of the cross-se(‘tinti, since tlu^y do not all 
distort eiiually. Jt is ofti'ii llu^ case that act ual rupture occurs sucf'essively 
over many elemenlary jxntioiis of the broken s(‘(‘tion laffon' th(‘ final 
failure occurs. Mon' i\si)ecially is tliis tnu* (jf the elastic, limits of the mate¬ 
rial, while with iron and steed castings this failure in detail is so [nominent 
as to cause tlu‘ stress-diagram to be a curve almost from the beginning 
of the loading. H(‘re, too, the irregular shrinkage oftiai leav(*s v(‘ry great 
internal slnvsses in iliir body, wliich causes some portions to come tr) their 
elastic limits and idtiinatt' strength much earlier than olhers, again giv¬ 
ing rise to a curved sti t^ss-diagram. 

The tension ti'st is (‘S|)ecia,lly Avell calculatiHl to show Avhat local irregu¬ 
larities may bi‘ found in a finislied product, and to indicate to what extent 
the work of forging (rolling or hammering) has produced that degree of 
homogeiieitv expected of it. 

Tlie (ensi()ii test is more readily standardized than any other so as to ht 
indenendeiit of “ persoind ecpiatioii ” and of variations in the testing- 
machines employed. It also demands the least amount of preparation 
of the ti'st specimen, if tests are to l)e made only for commertaal purposes. 
Exwpt for ttie iiilier('nt want of imiformity or of homogeneity mentioned 
above, therefore, tlie tension test may l)e made to give typical and uniform 
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reKiilts, and it should lip considoriHl as thn besi tost to make on any 

of the metals. 1lu* A.S.T.M. Standard Mothotls of Ttaision Testing of 
Metallic Materials, Des.: l^8 ^10, uill be of iniieh value tt) students of 
this subjf*ct. 

Commercial Tension Tests 

106. Object.—In routine tension testing of metals the ultimate strength^ 
yield point, and per cent (doiigation are always determined, and usually 
the per cent reduction in ar(‘a and the eliaract(‘r of iraeture are noted. 
From these properties the tensile strength, the limiting working unit 
stress, and the ductility are ascertaimal; tlu' moihdus of rc'sdiinice and 
energy of rupture, both miaisun's of toughness, (‘an b(' coniputi‘d; and 
th(^ homogc'iieity and structure of the medal are judgc'd. Theri'fore, such 
tests, performed speaMlily and clnaiply, serve a very usid'ul purpose. 



Vic. 1.—The \^:iriiitioii in tln‘ Distrilnitiun iif tin; l'jli)nK:itii)n oF the Srvenil Inch 

Sp.'irivs of vSix-iiifti Te.st Ihirs of HtecI ainj Wroiiy;hl Iron ()..% In. in Diiiiiieter. 

{7'csis of MetdU, 1S!K).) 

106. Types of Tension Specimens —Experiments have shown that the 
form of a tension t(‘st-piece has an influence upon l)oth the strength and 
elongation. Thi^ intiumce on strjngth of grooving and suddcai contrac¬ 
tions in area is considered in Arts. 719 to 721. Fig. i shows the varia¬ 
tion in unit elongation for successive spaciNs on steel and wif)ught-iron bars. 
Fig. 2 illustrates the influence r>f the lengtli of the gaged position on f)er 
cent elongation. 

Ttdmajer proposed that the elongation due tr> the neck bf^ eliminated 
by sulriracting the elongation in a 4-in. from the elongation in an 8-in. 
gage length and dividing by the difference in the gage lengths. The func¬ 
tion, thus obtained, would be independent of the gage length of the speci¬ 
men. This proposal has not, lunvi'ver, lieen widely adopted. 
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On account of the above considerations it has become quite necessary 
to prescribe certain types of specimens for commercial tests in which 
the grading and acceptance of material is involved. M. Barba * has shown 
that the resistance and per cent elongation remain constant provided the 
relative dimensions are not changed and the method of gripping and load¬ 
ing are identical. As the result of his work and a large number of tests, 
the French Commission adopted the relation ^^ = 66.ti7A or for cylindrical 
spcicimens 1 = 7.2D^ where I is the measured length on which the elongation 
is computed, D is the diameter, and_A the area of cross-section. The 
German Commissions use l = 11.3\/Aj which is equal to l=10D if the 





NOTE 

Mild Steel Spcuiiiieii in. diam. = ■ 

Mild Steel Specimen 34 in- dium- = X 

Mild Steel Spueiiiic 11 1 in. diam. = □ 

Tool Steel Speeimeii ~ in. diam.= ▲ 

Mild Steel SpeeiiiioiiB were from aame bar. 
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specimen is cylindrical. Engineering socit^ties in the United States have 
not rigidly adhered to eitlier of these rules, or even Barba’s law, in stand¬ 
ardizing the shape of test-pieces cut from plates or other rolled sections. 
However, they have prescribed fixed standards for cylindrical and flat 
spx'ciinens (see Figs. 3c and 3c). For flat specimens over J in. thick, the 
gage length is 8 in. and the width l-J in. The width of specimens cut 
from material less than J in. in thickness must be five times the thickness 
with a minimum of J in., and the gage length must be twenty-four times 
the thickness with a minimum of 2 in. 

* Mem. de In SocidU des Iiig. CivUs, 1880, I, p. 682. See also Unwin's The Testing 
of Mntvrials of Consiriieiion. 
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In Fig. 3 are shown seven types of specimens dimensioned in accord¬ 
ance with practice. For rough tests on ductile rounds or fiats, form (a) 


(a) (7,) (c) (c^ 



(cJ) (c) (/) (ff) 


Fig. 3.—Types of Specimens for Tensile Tests. 

is suitable. Form (h) is a more expensive specimen which is less liable 
to slip in the grips and also receives a lower intensity of compression from 
the grips than does form (rz). For more careful tests in which it is highly 








108 THE MECHANICAL TESTING OF STRUCTURAL MATERIALS 


desirable to avoid slipping at the grips, form (c) or (cQ is used in con¬ 
junction with the holder shown in Fig. 29, Art. 69. Automobile steels 
of very high clastic limit and great hardness cannot be readily fashioned 
into form (r) after hardening. If so fashioned before heat treatment, 
these steels are liable to become warped and weakened at the screw 
threads. For such steels form * (d) may be used in connection with 
the holder shown in Fig. 30l», Art 69. An inexpensive casting which 

makes a very satisfactory test- 
piece for rough tests on cast iron, 
malleable iron and similar' brittle 
metals is form (/). rorm (g) 
has been used with success by 
Prof. W. II. Warren of Sydney 
University, Australia, in testing the 
tensile strengths of woods. 

107. Testing.—The dimensions 
of cross-section of the specimen 
are measured at several places 
along the gage length. If the 
test-piece is cylindrical, mutually 
perpendicular LliaiiuitiTS should be 
measured at each c^’oss-section. 
M easu nu i uui ts of n i et al sh oul d 
be accurate to } of 1 per cent. 
The average cross-st'ctifui of de¬ 
formed bars r‘an be computed 
from determinations of weight and 
length. 

The specimiui is then placial in 
a Y-block and punch-marked at 
intervals of 1 inch along the entire 
gage length. A laying-off gage or 
a multiple punch is a time-saver in this operation. Fine wire and 
si'ctions which would lie weakened by punching may be marked with ink. 

Although speeds of head 11)3 to 3 in. per min. have little effect on the 
ultimate strength and elongation of hot rolled steels, the data of Fig. 4 
for rods with a hvv length between grips of 10 in. show that the yield 
point is affected considerably by speeds of head abovt^ \ in. per min. 
Data from the 1937 rt'port of the same Committee indicate that for ser¬ 
rated grips the rate of straining or stressing increases very rapidly Avith 
the load. These considerations led the Committee to recommend that 

* See ilcHcription nf this type of .specimen hy K. W. Zimmerschied in Tra/uf. S()c. 
Auto. Engr., Vol. 8, pt. 2, jj. 101; also sec Maricn’s Ilaiulbonk of Testing Materials, p. 10. 



SpL'ud of Hl-ulI, in. iJi^r Minutt: 


P'lri. 4. I'^ITei'ts of Speed of Macliini* 
on Yield-Point of II o I-rolled Steel 
Hods, (llept. of Rii.seiireh Coininit- 
tee on ^ ield Point, Proc. A.S.T.M. 
1028 .) 
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the rate of straining or stressing be limited during such tests. Tentatively 
a rate of straining of 0.0015 in. per in. pei min. and a rate of strewssing of 
45,000 lb. per sq. in. per min. were suggestf*d as maximum rates for 
determinations on the yield point of structural steel. In testing specb 
iTuais of 8-in. gage length with serrated grips a speed of about 1 in. per min. 
may be used to tiiree-i’ourths [>f ilu‘ estimated yield point, the proper rate 
of straining or stressing imposed until the yield point of yield strength is 
obtained, anti finally a speed of 2 in. per min. applied to rupture. For 
cast iron and similai* brittle materials the spetal throughout the test ought 
not to exceed 0.02 or 0.08 in. per min. per in. of gage length. The speed 
should b(^ constant for any given series of tests. 

The ITench Commission recommends that t(^sts bt continuously pro¬ 
gressive; that till' iliiratioii of t(\st l>e prf)portional to the volume of the 
specinuai (onf‘ to six minutes for ordinary siz(\s of specimen, less than 
thirty s(‘Conds for test-pieces under 0.2 in. thick); tliat heating of the 
bar iiuist hv avoid(Ml, espc^eially with tlu' softer ini‘tals. 

In t(‘sts of high-carl)on sttads and in tests in w hich there is slipping 
at the grips a pair of Capp’s multiplying dividers (see Art. 95) will be 
found useful. 

108. Observations for Record.— The record should contain sufficient 
infonnatioji so that tht‘ history of the specimen previous to the tt\st may bn 
tiaciai. In inspi^ction at the mill this incliul(‘s hcnit nundx'r, specimen 
nuinber, and such other iid'orniation as may b(‘ ncMak'd to ndiaence the 
specimen to th(^ portion of tlu^ heat or to tlui mc'inbt'r from wdiich it was 
taken. 

The first sign of w('akening at yield-point of tlu‘ spc^anum shouhi 
be earefully as(;ertained. In wrought iron and the low-carbon steels 
this is r(\adily deteriniiu'd liy tlie drop of b(*am, by the rapid increase in 
motion of the diviiler pointt'i* and, in rolled material, by scaling. If 
rolled bars of miiform cross-scT.tion an^ used, th(^ scaling will appear first 
at the grips, owang to tlu! combined strt^ss existing there, and gradually 
extend towanl the ciaiter of the specimen. It wall be not(^d that the 
scaling advances on lini's at about 45 degrees with the axis of the specimen: 
i.c., on the ,surface tracr's of the planes upon wdiich maximum shear stress 
I'xists. Of these, the divider method is the most reliable index of the 
yield poijjt, with drtjp of beam a close second. 

The maximum load is n<*xt dcdi'i’miiKul. It will be found to occur 
simultaneously with the corn m cm cement of the “necking down action 
in ductile materials, with rupture in brittle materials. After rupture 
the test-piece is again laid in the V^-block with thi^ fractured ends in con¬ 
tact and a reconl of tin* length of gage across break is made. Methods 
of rneasiiring the elongation when tlu^ fracture is near the end of the gage 
length are giviai in A.S-T.M. Slandardsj Des.: J!]8-36. 
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If the specimen has a '' cup and cone^' fracture, it is best to join the 
fragments and measure the diameters of the minimum section with a 
screw-thread micrometer. The reduced areas of 
rectangular specimens can be most readily deter¬ 
mined by measuring h, di and d 2 as shown in Fig. 5. 
To measure fractures of irregular outline, a microm¬ 
eter provided with a conical spindle and anvil will 
be found convenient. 

Two characterizations of fracture are generally 
made, one with reference to shape and the other 
with reference to texture. For example, mild steel 
fractures are commonly “ cup and cone/' in shape and " silky" in texture; 
hard steel fractures Ineak squarely across—"square break"—and are 
more or less finely crystalline in texture. Fig. 6 shows the fractures com- 
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Fig. 5.—Reduned Arcii 
of a Itr; 1^ I iinKiilar 
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ID C’riniiTHin in cast iron, lii'siKiintcil as .square break and fine nr rotirsidy prystallinp; also in 
very hi/Jjli carbon slccl, tcxluic finely crysfalliiii*. 

(2) Ciininum to biiih carbon steel, called fin cup or flat mne with Rranular to rrystallinc texture. 

(H) r'liininnn In soft iiiifl iiiiMliuin carbon steels, called fidl niip and rone with toxlurf? silky. 

(4) and (n) l^tnininn in soft nrirl riiediuiii steels (e.sperially when pccontrieally loaded), designated 
as throi'-riuarliT [’U|) cnrie (.4), and half nip and cone (rO. 

(ti) Coininou in .soft mul luediuni steel bar.s oi flat nr square Hcrlion, de.sif;nated aheared cone with 
silky texlure. 

1,7) Coniinnn in wrniqthl iron, de.si(;n:ited jaKKecl and fibrous. (Overheated soft or medium steel 
may also present a juEKcil break bviJ not fibrous.'i 


monly observed in metals and suggested characterizations of the same. 
Unusual features in the fracture should always be recorded and their 
causes, if possible, ascertained. For the latter purpose the microscope 
is a valuable aid. 
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Extensometer Tension Tests 

109. Object.—In addition to the objects mentioned under commer¬ 
cial tension tests, the extensometer test aflords a determination of the 
stress-elongation curve for the material. Consequently the modulus 
of elasticity, the elastic limit or the limit of proportionality and the 
resilience may also be measured. 

110, Testing. —Specimens like form (r) or (d), Fig. 3, are preferable 
for extensometer tests; but it is desirable that the gage length for the appa¬ 
ratus should be at least 8 in. For steels, a specimen fashioned as indicated 
with a diameter of 0.798 in. (area 0.5 sq. in.), length between shoulders 
of 9 in. and a gage length of S in. is convenient and sal isfactory. 

To avoid errors arising from the bending of the specimen due to eccen¬ 
tricity in loading, non-homogeneity or initial curvature in the specimen, 
cxtensometers provided with three-point contact at each collar are prefer¬ 
able to extensometers of same type having two-pf)int contact. The accu¬ 
racy of the extensometer slioiild be commensurate with the magnifude of 
the deformation to be measured. Ordinarily the least reading of the appa¬ 
ratus should be less than one one-hundredth of the deformation at the 
elastic limit. For steel this requires apparatus reading to 0.0001 in. 
General requirements for extensometer.s may be found in Art. 79. 

During tests the movable head should be run at low speed, preferably 
not over 0.02 in. per min. per in. of gage length, and stops made for read¬ 
ings. Vibrations or shocks during loading impair the accuracy of the 
extensometer readings and should be avoided. 

There are two methods of loading which may be used, depending 
upon the nature of the material and the information desired. If the 
limit of proportionality is to be determined the load is progressively ap¬ 
plied in increments equivalent to about one-tenth of the estimated value of 
that stress and the corresponding deformations observed. When a stress 
approximating the limit of proportionality is reached the increments are 
reduced to about one-tenth of their former value until the yield-point has 
been passed. Instead of the foregoing method, some prefer to note the 
loads corresponding to equal increments of deformation until the yield-point 
is determined. This may readily be done if a self-indicating extfuisometer 
is used. It is customary to remove the extensomett'r from the specimen 
after passing the yield-point in order to avoid injury to the instrument. 
Subsequent measurements of elongation may be made with a pair of dividers. 

The second method of loading is more often adopted with materials 
having a curvilinear stress-deformation diagram than with iron or steel. It 
consists in determining the maximum total deformation and set correspond¬ 
ing to repeated applications of each load. An initial load corresponding 
to one-twentieth the ultimate strength of the material, or thereabouts, 
may be applied and removed with determination of accompanying 
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deformation and set. If set occurs the load is repeated and readings 
of deformation and set taken until the set hc^comes constant. Then the 
load is doubled and the same cycle of operations is rt^peated. This proc¬ 
ess is applied again and again until the load is reached at which the 
set continually increases. When this method is applied to a material 
having a true elastic limit it is well to decrease the increments of load in 
proximity of the elastic limit. 

111. Stress-deformation Diagrams. —It is customary in this country 
to plot curves using unit stress as ordinates and unit deformations as 
abscissas with the curve lying in the first quadrant. The scales for such 
diagrams should be so selected that the slope of the curves will li(! betwei'iv 
30 and 70 degrees with the horizontal; otherwise the curvature of the dia¬ 
gram is mad(i too flat or too steep and there is also rlifficulty in d(dermining 
the modulus of elasticity with accuracy. If the repidition method of load¬ 
ing has been employed in testing, curves showing tlu^ gross sets, gross 
deformations, and net deformations are gtinerally plotted against unit 
stress. On such diagrams in addition to a suitable tith'. and proper lal)el- 
ing of the coordinates, it is good practice to indicate the valuii of the 
modulus of elasticity beside the line from which it was gotten, to indi¬ 
cate the elastic limit or limit of proportionality, tlur yiihl-point, and 
ultimate strength. The diagram is, in this way, made to furnish the 
most essential information secured in the test. 

COMPRESSION TESTS 

112. Objects of Compression Tests. —Whereas tension tests are made 
for the purpose of determining many of the more significant mechanical 
properties of materials whiidi are more or less ductile, (ionqiression tests 
are made chiefly to deteriniiie resistance to compression and the elastic 
properties under compression.* In testing materials possessing a high 
degree of elasticity the elastic limit, yield-point, and modulus of elasticity 
may be gotten. The determination of the ultimatti strength is dependent 
upon the plasticity of the metal beyond the yield-point. ' In the softer 
varieties of steel there is no well-defined point in the loading at which 
a complete disintegration of structure takes place. From tests of columns 
made of such materials it appears that the ultimate strength is limited 
lt)y the elastic limit. Consequently it is quite common to regard the elas¬ 
tic limit as a measure of ultimate strength in compression for these steeis. 

Materials, possessing a high degree of plasticity, like the minor metals 
and their alloys, have poorly defined elastic limits and the compressive 
strength is often based upon the load sustained at a given unit deforma- 

* Herein we shall refer to compression tests .as practiced on short prisms. The 
testing of coluniiis involves consideration of conditions of fahricatioii, end restraint, 
form and position of load in addition to the characteristics of tlie material itself. 
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tion. These values f urnish a basis of comparison but are far from criteria 
of structural strength unless determined from lo7ig-tim,e applications of load. 

For brittle niatoriMls like conerete, buildinp; tile, stone, brick and 
timber, the compression test is of most value in establishing criteria of 
mechanit al properties of materials. In tests on these substances, the unit 
stress at first crack or first sign of failure, at elastic limit—if there is ont^— 
and at ultimate are found. The position of the first crack, the character 
of the explosion at rupture and the shapes of the fragments are all note¬ 
worthy. The unit stress at first sign of failure coupled with a knowledge 
of the place of initial weakening may indicate faulty imposition of load or 
a local defect in material. The character of the explosion at rupture and 
the shape of the fragments iiro also of assistance in determining whether 
the load was axially or eccentrically apj)lied. Flowing of the bedinent 
often prodvu‘es vertical splitting of the test-piece. 

113. The Form of Compression Specimens.—The form of specimen 
which has been most freciucntly ailopted is the cube. For materials which 
rupture on planes inclined more than 45" with the horizontal, the cube 
is not suitable; since th(' strength is increased by frictional restraint 
acting at the suifaces under pressure. IVisms or cylinders with a height 
equal to twice the least lateral dimension are better types of test-piece 
for such materials. Owing to weaknesses at corners due to the methods 
of fashioning the specimen and to the iinpossil)ility of securing full resist¬ 
ance from the material in the corners, a cylindrical test-piece is preferable. 

In Fig. 7 appears thrt‘(‘ curves showing the relation of crushing strength 
. height 

to the ratio Tho r,>,suits on ca.st-iron cylinders 

are digested from tests l)y Mr, Chas. Bouton.* For theses tests over 100 
specinnais wort' pr(q)ared from five bars of each of two kinds of cast iion. 
Compr(’himsive tests on Swiss sandstom* prisms by Prof. J. Bauschiriger t 
furnished the data for the coir(\sj)onding curve in the above figure. 

From these tests on rectangular prisms, Bauschiriger derived the 
following formula, 

,S’, = 5600+1400^^ 
h 

in which Sc is in pounds per stjuare inch, A is the area in square inches, 
and h is the height in'^inches. For a general formula he recommended 



* M.8. Thesis, Theory and Expcrinienls on Laws of Crushiny Slrength of Short Prisma, 
Washington Univ., 1891. 

t Miliheilungen aus dem Mechanisch Technischen Laboratorium der K. Techniachen 
Hochschule in Munchen, von J. Bauscliinger, Vol. 6, 1876. 
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where u = perimeter of cross-section; a and h are constants, and the 
other quantities are the same as before. A simpler relation for 
Bauschinger’s tests on sandstone is given by 

= 5500+1565 V, 

n 

where d is the minimum lateral dimension. 


1 







Legend. 

cii-Concretc prisms 4 x 4 in. or 
B X B in. cross-sec Lion. 
v-Sandatone prisms 2)6 x 5 in 
to ^ X 6 In. cross-sectioD. 
i=CaBt iron cylinders. 
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Fig. bi'twecn the Crushing Streiigihs of Prisms and Cubes. 


The data for the third curve in Fig. 7 were obtained from 192 tests at 
several eollegt' laboriitories in cooperation with the National Association 
of Chnnent Users.* 

Niuneroiis ti‘sis mad(‘ Viyll. F. Goiiiierniaiit inilicate that tlie strength of 
concrete cylinders 28 days old vaiies with l atio of length to diaincter, thus: 


Katin nf Lnngth in Diiuiu'lpr. . . 
Strength Ratio Prri’iMitago of 
li by 12-ill. ryUnder. 
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From the equation for the curve representing tests on sandstone 
piisins, Fig. 7, the following relation appears: 


Strength of prism 
Strength of cube 


0.788+0.222^. 

h 


* Cmicrrte-Cnncnt Age, Vol. 4, p. 141. 

t 8en liullriin 16, Ix-wis Institute, Chicago, entitled Effect of Size and Shape of Test 
Specinwn on Cotnpressive Strength of Concrete. 
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From the foregoing it appears that Gonnermann's data on concrete 
are in fair agreement with Bauschinger^s data on sandstone. Hence we 
may expect a cube of such material to have a strength 15 per cent greater 
than a cylinder with length twice the diameter. 

Best practice in testing ferrous and other hard metals for compressive 
strength calls for a C 3 dindrical specimen with diameter of 0.798, 1, or 
1.125 in. and height of 3 diameters; for modulus of (dasticity determina¬ 
tions the diameter should be 1.25 in. and the length 12.5 in. (see A.S.T.M. 


Tent. Standardsj Des: E9-33T); 
and for strength of bearing metals 
a length of 1 in. and a diameter of 



llatio ol GomprPHseri S^laca 
to Tutal ArB& 

F'la. 8.—Crushing Hlrnrigths of Cubiis with 
Chamforotl Edgns. (IJauschiiigor.) 



Ratio of Biiurlng Aroa to Total Area 

Fiu. 9.—iLffiu't of LoMding a Portion Only 
of tlio Hurfaui*. of n Cube. 


1.25 in. are satisfactory. For concrete specimens a 6 hy 12-in. cylinder 
should be used when the aggregate is less than 2 in. maximum diameter 
(see Appendix A). For larger aggregate, the cylinder diameter should be 
half its length and at least four times the maximum diameter of aggre¬ 
gate particle. For mortar either a 2-in. cube or a 2 by 4-in. cylinder is 
satisfactory. Cubes, because of the mass of existing data and because of 
relative ease of preparation, are preferred for tests on stone. For wood, 
2 by 2 by 8-in. prisms are recommended (A.S.T.M., Des. D143--27). 

The modified cube method makes possible good determinations of 
crushing strength on portions of concrete beams. Loads are applied to 
top and bottom surfaces through spherical bearings on opposite square 
capped areas of the same width as the beam (A.S.T.M., Des. C116-38). 
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114. Effects of Loading a Portion of the Cross-section.—Tests by 
Bauschinger on the effect of chamfered edges on the strength of sand¬ 
stone cubes gave the results shown in Fig. 8. The tests show that material 
symmetri(;ally disposed outside of the bearing surfaces increases the 
strength of the test-piece. This increase is less than 1^.2 per cent, how¬ 
ever, if the bearing area is more than 80 per cent of the gross cross-section. 

If the pressed surface is square 
and symmetrically located on a 
side of a cube the relations of re¬ 
sistances per square inch to the 
ratio of bearing ai ea over total area 
are shown in Fig. 9. 

The efft'ct of loading a rectan¬ 
gular zone having a width equal 
to 5 per cent ()f the side of the cube 
and a length equal t o the sitle of the 
cube was also studied l)y Bausch- 
inger. In this case the resistance 
per square inch is a function of the 
u on 10 m III) m distance of the zone from the edge 

Fig. lO.-ElTert i.f Loading a Zon« on the tlie SlirfaCB. Tlie results Stun- 
Surfaic of ii Cube. (Ha us il linger.) manzed in I'lg. 10 show that the 

resistanc.e per square inch of lieariiig 
area when the (*cnter of tht^ bearing area is 4 pt^r cent of width of the cube 
from the lalge is 9500 lb., the normal strength of a cube. 

116. Apparatus Required for Compression Tests.—Descriptions of 
testing machines, bearing lilocks, conipressometers, and liediiients will be 
found in Ch. II. For tests on the modulus of elastieity the cumpres- 
someter should be accurate and sensitive to one oiie-hundredth of the 
deformation a( the elastic limit. It shoidd record deformations on at least 
two sides of the specimen. The yokes attaching the compressometer to 
the specimen should be placed not less than half of the diameter of the 
specimen from the nearer bearing surface. If the yield-point of hard 
steel is to be gotten, a pair of Capp’s multiplying dividers will be found 
convenient. A spherical seat to permit adjustment due to non-parallelism 
of the heads of the specimen is especially desirable in testing brittle mate¬ 
rials. The value of the seat is small, however, uidivss provision is made 
for properly centering the specimens with respect to it. 

116. Testing.—The cross-section of the specimen should be deter¬ 
mined at several points along its length. On cylindrical spewmens meas¬ 
urements on mutually perpendicular diameters should be made. Metals 
should be measured to one-four-hundredth part and non-rnetallic mate¬ 
rials to one part in two hundred. Building tile, if scored, should be 


Fig. 10.—ElTtict of Loiidiiig ii Zone on the 
kSurfai'C of a CuUa. (Hauscliingcr.) 
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measured outside of the seorinp; and no allowance made for the area of 
fillets. Although in s[)ecilications for all liollow l)uihlinp: block and tile 
it is customary to demand a miiiimum sTrengtli in terms of the gross sec¬ 
tion only, it is worth while to obtain the net area in order that the strength 
of the material itself may be judged. 

Great care siiould be exercised to adjust both the bearing block and 
spt'cimeii so that tla^ line of pressure will pass through the axis of test- 
piece, b(‘aring block, and testing machine. 



Wrought Iron 


Fir,. 11.—^Uolativi! Miilkialjility of Wrought Iron ami Soft, Steel. All the spiM iineus 
were onginally of tVie shiipe of the one reiiiMining nnih'fnnneil. "Tin' wrnuglit iron 
sfietaiiiens uniformly show large eraeks. (l'>om von Tetmajer’s (hmmuriicatioriSf 
Vol. 4, FI. .5.) 

The speefl of the movable head of the testing machine ought not to 
exceed 0.02 in. per minute per inch of height in comfirtjs.sing iron or steel 
specimens. For plastic and brittle metals, stoiu', conerete, clay products 
and wood, speeds should not exceed 0.005 in. per minute per inch of height 
of test-piece. Where strength only is desired the rate of loailing may be 
made more rapid for loads less than half to thn^e-fourths of the ultimate 
strength. For very plastic materials a much slower rate of loading should 
be used if a quantitative determination of the mushing strength is wanted. 
In any series of tests the method of applying the load should remain con¬ 
stant. 
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The miinncr of making compression tests with a compressometer is 
the same as that outlined in Art. 110. Also, the method of plotting the 
curve shei^t and the informal ion desired may be gotten from Art. 111. 

In making a test for crushing strength only, it is well to surround brittle 
test-pieces with wire meshing to prohibit fragments from flying at rup¬ 
ture. 



Fig. 12 —Boutun's Compri'ssion IVsts on Cast Iron. 


117. Observations During Test.—Care should be taken to determine 
the position and character of the first crack together with the load at 
which it occurs. With materials like low-carbon steel and wrought iron 
the yield-point will be denoted by the drop of the beam, by the rapid 
increase in motion of the divider pointers, anti—in rolled material—by 
scaling. In tests of brittle materials the shape of the fracture should be 
stated thus: ‘‘ pyramidal/' “ plane inclined d degrees to horizontal,'' or 
" cone and the texture of the broken surfaces examined and reported. 
Characteristic fractures of wrought iron, cast-iron and sandstone speci- 
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mens may be found in Figs. 11, 12 and 13, respectively. Typical fractures 
of concrete cylinders appear in Fig. 14. 


TRANSVERSE TESTS 

IIB. Objects of Transverse Tests.—For determining ultimate strength, 
elastic limit, yield-point, resilience and modulus of elasticity of brittle 
materials in cross-bending, the transverse test is often used. This test is 
of especial value in determining the strength, stiffness, and toughness of 
brittle materials. Since the deflections of brittle specimens are many 
times larger than the elongation in tension tests, a much more accurate 
determination of resilience and em^rgy of rupture can be made in the 
transvt^rse test without expensive apparatus for measuring deformations. 
Furthermore, both the machine and the specimen required are inexpensive 
and the test may Ije* rapidly made. 

Cast-iron, brick, stone, and concrete are tested principally for strength, 
sometimes the resilieiu^e and modulus of elasticity are obtained. Timl)er 
is tested for its strength, stiffness and resilience. Springs and spring- 
steel are tested for elastic limit, deflection under given loads, and resili¬ 
ence. Railroad rails are sometimes tested for elastic limit and ultimate 
strength. I-beams and otlier structural shaj)es used as l)eams are also 
tested to d(dermine constants for use in design. Transverse tests are also 
made for scientific purposes to t(\st the correctness of the ordinary flexure 
formula for strength and deflection. 

In most cases transverse tests of ductile materials are not so well 
adapted to deti^rmine quality as tensile ti\sts. Furthermore, the modidus 
of rupture and transverse elastic limit of such materials vary greatly with 
the length of span. 

Since three kinds of stress, tension, compression, and shearing, are 
developed when a beam is bent under the action of external forces, the prob¬ 
lem is more complex than those thus far considered. Usually the shearing 
stresses are left out of account in designing both for strength and stiffness, 
but the conditions under which this stress should be recognized and taken 
account of are given in Art. 28 for strength, ami Art. 30 for deflt^ction. 

119. Specimens for Transverse Tests.—As Fig. 15 shows, the modulus 
of rupture of gray cast iron is more variable for 12-in. spans than for 
longer spans. Such evidence led the A.S.T.M. to adopt in 1929 a verticall}’’ 
cast cylindrical speciimui 1.20 in. in diameter at mid-length and 21 in. 
long. Spt'cimens are test(‘d under a center load over an 18-in. span. 
By using a cylindrical specimen a uniform thickness of skin is insured and 
shrinkage strains due to corners are obviated. 

For transverse tests of malleable cast iron either a rectangular speci¬ 
men 1 in. wide and I in. thick or a cylindrical test-piece 2 in. in diameter 
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tested with center load over a 12-iii. span is satisfactory. If the material 
has a good ductility, rupture will not occur in such test. 

When tests are made to determine constants for I-beams, T-bars or 
similar sections, it is necessary that the specimen be geometrically similar 
(preferably of the same size to avoid differences due to rolling) to the sec¬ 
tion under iiivestigatioii. Tests showing the variation in the transverse 
strength properties of cast-iron specimens, due to changing the shape and 
thickness but not the area of cross-section, appear in Table 1. 

For plate glass and fiat springs, test-piect»s should be flat wdth a length 
ten or more times the depth. For timber, ri'ctangular specimens are 
l)est. The Forest Products Laboratory us(\s 2 by 2 by 30-in. specimens 
with a 28-in. span for small beam trusts. In tests oJ larger timber beams 



Fig. 15.—RiiMiioii of »Spn.n to Modulus of Rupiurf.; for Cjisl-iron ArOitrntion Trst. 

Riir.s DilTcririg in iSilirori Ooiitcnt. Ikuii AviiruKo Ui^j)rr.si‘Jits Nine Tests. 

(Matthews, in Proc. A.S.TJl., Vol. U), p. 303.) 

the span should be 15 or 20 times tlnr depth. For cenuait and mortar 
speciiiKuis 1 by 1 by 6-in. prisms Avith a 5-iii. span, and for concrete 6 by 
6-in., or 8 by 6-in., beams with an 18-in. span, are convenient. 

120. Apparatus Required for Transverse Test.—Descriptions and 
general considerations of apparatus are found in (ih. II. The testing 
machine should have a capacity two to four times the estimated strength 
of the specimen. If ustul, a dellectoineter should be accurate and sensitive 
to 1/100 of the deflection at the elastic limit, if E is to be measured, and 
to 1/100 the maximum deflection for determinations of the latter. For 
measuring hirer strain, deformeters should be accurate and s(*nsitive to 
1/100, or less, of the strain in the gaged hmgth at the elastic limit. 
Wherever possible one should avoid fastening deformeters close to con¬ 
centrated loads.* 

* For further data .sen Bulletin No. 84, Fngr. Expi. Hta., Univ. of Wis., on Injluence 
of Form and Smh on SircMgth, by d. lloark, 11. S. Hartenberg, and R. Z. Williams. 
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TABLE 1._THE EFFECT OF SHAPE ON THE TRANSVERSE STRENGTH 

OF CAST IRON 


(C. H. Benjamin in MacMneryj May, 1906) 
Beams loaded at center over an 18-iiich span 


Nd. of 

RpHVlltH 

AvcruReil. 

Section. 

BrPakiiiK 
Load, r 
Ub). 

ModuUi.s of 
Hup Lure, 
__4.riPc 
‘ ■ rn 7 

(lb./iii.=). 

Mndiilua of 
Ela.stirity, 
in 

l.ODU.ODd 
lb./in.* 

Shape. 

Area (in.-). 

— * (in.^*). 
c 

2 

• 

4.42 

1.31 

7,375 

25,270 

8.28 

2 

■ 

4.44 

1.55 

8,125 

23,450 

9.25 

2 

1 

4.58 

3.12 

16,150 

2:i,210 

6.61 

2 

o 

4.40 

2.88 

19,900 

31,125 

7.05 

2 

o 

4.36 

3.38 

21,400 

28,450 

5.61 

2 

0 

4.41 

3.22 

25,250 

35,300 

0.49t 

2 

D 

4.38 

5.11 

28,175 

24,840 

4.41 

2 

I 

4.56 

5.78 

24,250 

19,400 

4.54 

2 

X 

4.84 

6.46 

31,550 

22,010 

5.62 

2 

1 

4.61 

6.52 

31,750 

21,940 

4.71 

2 

J- 

4.88 

6.48 

34,625 

24,060 

4.84 

1 

n 

4.51 

0.81 

5,100 

30,000 

10.74 

1 


5.10 

1.99 

8,350 

18,900 

8.57 

1 


4.61 

0.69 

4,700 

30,580 

10.17 

1 

1^ 

4.80 

1 61 

8,800 

21,600 

11.06 

1 


4.41 

0.83 

4,400 

23,700 


1 

- 1 - 

4,60 

2.30 

12,250 

24,000 

9.34 

1 


4.47 

1.77 

7,900 

20,050 

7.10 

1 

-u 

5.02 

4.36 

22,600 

23,250 

7.88 

1 

"T 

4.50 

1.78 

10,200 

25,800 

6.23 

1 

jL 

5.18 

5.95 

25,000 

18,900 

7.28 


* c is thu (listMiii'p ti) thL* [‘xLrtjme liber in tensiun. t Only one result. 


Rocker supports or swinging links should be used at the ends of the 
specimen to prevent longitudinal compression in the lower fibers when the 
beam is loaded. Also, if a pair of loads is imposed through a loading 
beam, rollers should be used between specimen and loading beam to 
avoid compounding of the specimen and loading beam through friction 
at the load points. A high intensity of compression under the loads and 
over the reaction should be avoided by the use of metal bearing plates. 
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For transmitting loads to large timber beams, the Forest Products Labora¬ 
tory uses heavy maple shoes which rest upon J-in. steel plates. The 
lower surface of each shoe is cut to a circular arc having a chord length 
of 13J in. and a mid-ordinate of in- 

AVhcn structural shapes arc tested, they should be braced and loaded 
as far as possible, in accordance with the conditions of use. I-beams 
and girders should, in most cases, be laterally braced at the supports. 

For tests of cast and Ijritlle metals, the speed of moving head should 
not exceed 0.1 in. per minute. The Forest Products Laboratory uses 
a speed of J in. per minute on large timber beams and 0.1 in. per minute 
on 2 by 2 by 30 in. specimens. For tests on bride, concrete, stone, and 
similar brittle materials the ratti of stressing the extri-iiie fibc'r should be 
nearly constant as the maximum load is approached. In that vicinity 
suitable limiting rates are 500 to 1,000 lb. per sq. in. per min.* In the 
tests where deflections are being read, it is best to apply the load at a suffi¬ 
ciently low rate to permit readings being taken without stopping the 
machine. Whim tleformeiers are bidng useii the time intervals allowed 
for readings should hi) constant during such i( sts. 

It is well to use iiicrcummts of load of about one-t(inth the estimated 
load at elastic limit and wluai in the proximity of the elastic limit reduce 
th(^ incremtaits to one-fifth of their former value. 

121. Observations During Test.—The transverse elastic limit of 
metals as determined fi’om deflections is gtaierally higher than the tensile 
elastic limit and not so plainly perceived. The yiehl-point is denoted by 
the drop of beam and by scaling in the case of rolletl st^ctions. The posi¬ 
tion of the scaling and its advance over the test-piece are well worth 
careful note. The ultimate strength of ductile mt'tal spc^cimcns is often 
very hard to determiiu^ with exactiii'ss; but, if a slow speed is used, the 
maximum load may Ik‘ approximately ascertained. 

In testing Virittle mati'rials like cast iron, the observer must be alert 
if he is to note the load and deflection at failure. The character of the 
fracture should Vjc recorded with care. 

When testing timber, concrete, malleable cast iron and like substances, 
the load at first crack should hi) noted and the position and character of 
the crack recorded. 

122. Load Deflection Curves.—Ordinarily, loads arc plotted as ordi¬ 

nates and deflections as abscis.sas. The scales should be such that the 
initial portion of the curve has a slope of over 20 degrees with respect to 
the load axis. On such diagrams it is good form to indicate the elastic 
limit, yield-point, modulus of rupture modulus of elasticity, and 

resilience. 

* Formulec for speed of the moving hcad^of the testing machine appear in Art. 231. 
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IMPACT TESTS 

123. Objects of Impact Tests.—Inasmuch as the effect of speed of 
loading on the toughness of materials has not been well determined, it 
has been the practice to use data from impact tests for estimating resist¬ 
ance to shocks or blows. On the other hand, owing to the impossibility 
of accurately measuring the proportion of the energy of a blow which is 
absorbed by a specimen, and owing to the influence of form of specimen 
and other factors, the results of impact tests do not furnish absolute indi¬ 
cations of shock resistance. Nevertheless, by carefully standardizing 
machines, speuamens, and the methods of testing, with respect to service 
conditions, it is possible from impact test data to make comparisons valuinl 
by the ilesigner. 

Transverse impact tests have long been used to determine the shtjck 
resistance of structural elements like rails, axles, car whetds, and car 
couplers, also for measuring shock resistance of brittle materials like wood 
or cast iron. In tests of such structural parts, acceptance is usually based 
on the capacity of solt‘ctiul pieces to withstand an arbitrary number of 
blows with a limited deformation. In tests of brittle materials the energy 
of rupture and type of fracture indicate the quality. (For methods of 
testing wood see A.S.T.M. Standards, J)es.; 143”27.) 

When traiisvftrso impact tests are used to test ductile materials, it is 
necessary to groove the specimen to obtain rupture. Thus high con¬ 
centrations of stress are caused at the groove, which make th(^ test results 
purely qualitative. Users of this test claim that it starves well in com¬ 
paring the abilities of similar materials to serve in the form of intricate and 
severtdy str(*ssed parts in correlating the effect of heat treatments of steel 
and of heat-treated forgings with service (sec A.S.T.M. Tent. Stds., Des.: 
E23-344^). 

Tensile and compressive impact tests have been little used to date. 
Difficulties in providing axial loading of specimens have militated against 
usage on brittle materials. For ductile materials, since small eccentricities 
of loading have little effect on the energy of rupture, tensile impact tests 
are far more accurate than notched-bar transverse tests. The applications 
of this test are deserving of much more attention than they have thus far 
received. (See Symposium on Impact Testing, Proc. A.S.T.M., 1938.) 

124. Specimens for Impact Tests.—For brittle castings, bars similar to 
those recommended for transverse static tests are well adapted for trans¬ 
verse impact specimens. If service parts are to be used as cast, the skin 
should not be removed from specimens. 

In traii.sverse tests on ductile structural parts it is well to mark a 
number of equal intervals on both sides of the part where heavy stresses 
will occur to permit strain measurements after testing. 
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For transverse impact specimens of ductile materials, a p;reat variety 
of specimens notched at mid-len^^th havt' been pi'o[)os(nl. In order to 
iiiak(^ satisfactory comparisons the size of the spf'cimi'ii and the type of 
nt)tch should be standardizcal. Since dtvf(u-.(s liave a nii)re marked effect 


on small specimens they are usually preferabh' to lar^e specimens. 

The A.8.T.M. (Jommiftee E-I in 102() recommended the specimens 
shown in accompanying figure, ('oncerning the notch, Frc'inont (Proc. 

1.575" , 

U-(10 mm.)-J 
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_ ! i_, 


(0.25 mm.) 
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.Z! 


(Ij 11 nil. I 


(10 inm.) 


,<-0.82-^ 
--I 


|U.0b'2 I 


(55 null.) 

Spi'cimpii for TrimsvtTsc Iniiiapt 'J>st.s nf 
J)in*file MptaLs. 


Spi‘i‘iiiH'11 for '^rcnsili' Impact "I'cstK of 
Ductile MctiiLs. 


I.A.T.Af.j ()th Congress, 42) showed that sligiu varifitions in width of 
saw slot were not important. Thomas (Prot. .1 Vol. 15, p. (kl) 

showinl that the angle* bi'twerai the sidt‘s of the notch may lie varied from 
0 to .40 deg. without material effect. T(‘tmaji‘r, howevt'r, found that the 
curvature at the bottom of the notch should bi^ Juainl aim'd constant. 
Depth of notch must also be hidd constant. 

For tensile impact tests of mi'tals tlu' spt'cinu'n si)own above is recom¬ 
mended. Punch marks plact'd on tln^ shoulders permif elongation rneasurt'- 
ments after failuri?. 

125. Considerations Involved in the Selection of an Impact Testing 
Machine.—Tlie fundamental conditions which one must- (consider in 
selecting an impact machine have biM'ii briefiy considered in Art. 58. 
It must be pointed out, however, that machim's are far from being stand¬ 
ardized. In the drop machines, with the exc('i)tioii of the machine for 
testing rails (see Art. fiO), there is a wide diversity of conditions. No 
standard relations of tup to anvil have been adopti'd, nor has tlu'TO been 
any standardization of the height of drop. Fremont recomriumds a drop 
of at h^ast 4 meters and an anvil weighing forty times as iruudi as the 
tup. Experienc(3 seems to show that the hammer should b(^ at least 
fifteen times as heavy as the specimen. When drop machines are used 
to apply blows smaller than required for rupture, some means should be 
provided to avoid secondary effects on the test-piece due to rebounding 
of the hammer. 

The Charpy pendulum machine has been adopted by the German 
Association for Testing Materials, and recommended by A.S.T.M. (see 
Des.: E23-34T), but there are in use a large number of other types, in 
some of which the anvil is much too light. In such machines the loss 





126 THE MECHANTCAL TESTING OF STRUCTURAL MATERIALS 

of energy through vibration must be great. The cantilever method of 
supporting a specimen should be avoided, since it is very difficult to 
duplicate the end conditions in successive tests. 

Mann's tests (Art. 59) indicate that many metals tested in impact 
tension exhibit constant energies of rupture for velocities below a certain 
critical value, termed the transition velocity, and for higher velocities they 
show a marked reduction in toughness. This fact should be given due con¬ 
sideration in all impact test programs and should receive proper attention 
in design, rriction effects in drop machines may be made small by freeing 
the guides of rust and wiping them with powdered graphite. Calibrations 
for friction loss(‘s can be made by measuring the elastic deflection of a 
spring attached to the anvil of the machine when subjected to different 
impacts and comparing the energy absorbed with that required to deflect 
the spring a like amount under static loading. The friction in drop 
machines equippiul with a drum and tuning fork may be got by comparing 
the slope of the velocity-time graph with the acceleration due to gravity. 

The curvature of the knife-edges on the anvil and especially on the 
hammer is of importance, Th(^ hammer knife-edge on the Charpy machine 
has a radius of curvature of 2 mm. 

126. Testing.—Tn drop machines where successive blows are to be 
struck, provision should be made to keep the specimen from jumping 
off the supports during the test by mt'ans of slots or yokes near the ends; 
but fixing of the ends shovdil be avoided. In tests on pendulum machines, 
the specimi*n must be ])laced tightly against the anvil. Where rupture 
is produced by a single blow it is best to adopt a uniform height of drop 
in order that tlu^ velocity of impact may be the same in all tests. 

Pains should always be taktui to see that every specimen is so placed 
that it receives the blow^ in the same position as its predecessors. Nicked 
specimens must be placed with the nick exactly opposite the hammer 
knife-edge. If such specimens are round, the base of the nick should be 
parallel to the hammer knife-edge when the latter is in contact with the 
test-piece, '^rimber spiicimens should be struck normal to the annual 
rings. 

The elastic limit is found by subjecting the specimen to progressively 
increased blow s and plotting the energy of each blow against the square of 
the corresponding deflection. The elastic limit is the unit stress corre¬ 
sponding to the point at which the square of the deflection increases in 
faster ratio than the energy. In such tests it is impossible to measure the 
total energy absorbed by the specimen. The amount lies between the 
energy of the final blow and the sum of the energies in all the blows. In 
general, it is not possible to prescribe w^hich of these qualities will form 
the better index for comparing ultimate resistance to impact, unless the 
forms of the load-deflection curves are knowui. Consequently, a single 
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blow large enough to produce rupture is the preferable method of securing 
data on energy of rupture under impact.* 

127. Observation after Rupture.—In tests on metals, the shape of 
the fractured surface, its inclination with respect to axis of the piece, 
and its texture should all be recorded. If the metal is ductile the relation 
of the plane of failure with respect to the notch or nick should also be care¬ 
fully observed. When a rolled piece is tested the limits of the scaled area 
are noteworthy. On polished specimens, the area showing lines of strain 
and the character of these lines should be noted. Microscopic examinations 
of the portion next to the break are often very useful in determining struc¬ 
tural defects which cause peculiar results. 

HARDNESS TESTS 

128. Kinds of Hardness.—Hardness as applied to metals, minerals 
and other solids is a term of variable meaning. Jlesisiancc? to abrasion, 
to indentation, and to cutting have all been considen d criteria of hard¬ 
ness; but no one of these serves in general, as a criterion for the others. 
Apparently abrasive r(‘sistance depends largely upon adhivsion bidween 
the particles, resistance to indentation upon cohesion and cutting resist¬ 
ance upon l)oth cohesion and adhesion. Therefore, jI seems likely, and the 
results of tests t show, that for pure metals which are nearly homogene¬ 
ous these different resist ances are closely redated. However for sub¬ 
stances like cast iron, tempered steels, alloy sttads, and alloys in which 
there is a decided difference in the mechanical properti(\s of tlu* constit¬ 
uent particles there appears tt) be no relation betweiai tliese rtvsistances. 
Since in practice distinct demands for the different sorts of liardness exist, 
it is quite desirable to standardize tests for the iiHUisureiiu^nt of these prop¬ 
erties. Thus far no single test has been devised whitdi is in general well- 
adapted to measure all of th(\sc different kinds of hardness; nor is it likely 
that one ever will be devised. Ilelative hardiu'ss of similar substances 
may be gotten but no absolute standard ap[)eiirs. 

129. Types of Hardness Tests.—The scratch test made with a dia¬ 
mond point is the oldest and simplest method of deteriiiining aVirasive 
hardness. However, owing to difficulties in standardizing, this test has 
not come into general use. Probabl,y 'the most satisfactory method of 
using it is that of Martens (see Art. 61). 

For measuring cutting liardness, especially of cast iron, use has been 
made of the Bauer drill lest. In this test the quantity of metal removed 
by a standard drill operating under constant speed and pressure for a cer¬ 
tain time interval, is considered an index of cutting hardness. 

For methods of testing axles and rails under impact consult the current Standards 
of the A.S.T.M.; also see Engr. News, Vol. 75, p. 701. 

t See T. Turner’s tests, Jour, of Iron and Steel Institute, 1909, No, 1, p. 426. 
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Rnsi-stanco to ppiintration has been the usual criterion for hardness of 
metals. The weiKhted pyramidal punch dropped from various heights was 
early standardized by Martel.* He concluded that the energy {D) 
required to displace unit volume of a given material is independent of the 
shape of the pyramid, the weight, or height of fall, and, hence, D is a suit¬ 
able index of resistance to penetration for that material. 

In most indentation testers the load is statically applied, and the pene- 
trator is a sphere or is provided with a rounded tip to avoid the varia¬ 
tions due to wear. The modern Vickers hardness tester, which utilizes a 
diamond-pointed pyramid, is an exception. With Herbert’s pendulum 
hardness tester two different tests of hardness can be made, which, it is 
claimed, provide criteria of resistance to indentation, to cutting, and to 
flow. D(‘,tailed consideration of the three widely used indentation tests, 
th(i Brinell, tln^ Rockwell, and the Shore scleroscope (Art. 62 and 63), follows. 

130. Objects of Indentation Tests on Metals.—Indentation tests serve 
two very useful purposes: (1) to determine the quality or conditions of 
parts which-- on account of size or shape—cannot be subjected to other 
mechanical tests or which must not be destroyed in te\sting; (2) to deter¬ 
mine hardness. In either case comparisons must be made with materials 
of like nature, since none of tln^se tests furnishes a satisfactory indication of 
the comparative hardn(^ss or othc^r mechanical properti(\s of all substances. 

131. Relationships between Resistance to Indentation and Strength.— 
In an excellent analysis of tln^ Brinell test, R. H. Heyer (Proc. A.S.T.AI.j 
Vol. 37, Pt. 1, p. 119) shows that the sink-in types of hardness impression 
arise from rtrlatively large underlying slnair strains and the ridging type 
comes from ndativc'ly large surface compressions. Hence sink-in types 
usually connote a relative weakness in shear when^as the ridging type 
indicate' a high ratio of slu'ar to compressive^ yield strength. From such 
evidt'iici' Heyer gave ratios for the shear yit*ld strength in terms of the 
tensili' or coinj)r['ssive yield strength for three classes of alloys which had 
been sulqectc'd to differi'iit amounts of work hardening. 

Several investigators f have found a rough linear relationship between 
the ultimate strength and hardness of steels. Unfortunately the equations 
for this 1 ‘elattonship ilo not agree in all cases. Petrenko f in tests on a 
wide variety of steels calculat('d the tensile strength (*S\), in pounds per 
square inch, from >^, = 515/^ for values of Brinell hardness (B) less than 
175. For Brinell hardness above 175 he used = 49071. His etpiations 
for Rockwell hardness values follow. 

Thn (li'viee was first used by Col. T. J. Rodman (U.S.A.) before 1860; see his Rvporl 
nf ETjnTiJtivfils mi M rials fttr Cannon and Carmon-Powdvrf 1861. Fur stun third iza lion, 
see Cfiej^ib.ssirin ihs Miihodts d’Essai dvs Mafrriavs dr Cnn,siruriion.j Vol. 3, p. 261. 

t See Furrier in Jour. Iron and Sted Institute^ 1909; Abbott in Pror. A.S.T.M., Vol 
15, p. 43; Ihnvin in Insi. of Mvrh. Enfjrs., 1918, p. 422. 

X Technolopie Paper No. 334; Ih S. Rureau of Standards. 
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In all but a few cases Petrenko’s calcukited strengths were wilhiii 
10 per cent of the experiineiital ifuisile slren^’ilis. 

For non-ferrous im^tals Pt'trenko’s l(‘sls faih'd tc) disclose any ndation- 
sliip bi'twe(‘n lf‘nsil(‘ str(Mi 4 :th and hardiK'ss. 

132. Applications of Indentation Tests.—Amonp; tlie more iinportant 
applications of indentation t(‘sts are th(‘ following': 1, to dettM’iuiru' rapidly 
the carbon content of iron and stiad parts; 2, t.o dt‘tt‘rmim‘ strength in 
parts which cannot be subjected to rc'^ular strength tests; 15, to test the 
uniforniity and degree of i empering or liardening in sti‘els; 4, to test the 
effect ot cold working of ste(‘ls; 5, to ascertain the condition f)f finished 
parts without injury. 

133. A Comparison of the Brinell^ Scleroscope, and Rockwell Methods. 

—In general, the Brinell test is less rapid, ref]uiri‘s a largin’ surface for 
test, i)roduces a more pronounced disfiguration of tlu> part testial, pene^ 
trates to a greater depth and integrates th(‘ resistance of a largin’ number 
of particles than does thi^ scleroscope or the Itockwidl device. The chief 
error in the Prinell niidhod arises in rneasujing tlie dianietin’ of the inipres- 
sion. The error is due to the upward flow of metal around the sphere and 
th(^ elastic didormation of the ball. This trouble, is olniated by employing 
Devries' method of determining the depth of the impri^ssion, sei' Art. 62. 

On the other hand, it appears that thi‘ scleroscopi' indications are 
affected by properties of the specimen other than liardness as the rc‘sults 
tabulated below show. Furthej-riiore, the readings of the scleroscope 


Mill 1 ‘rial. 

inatr- 

lilil.S.S. j 

Ivr)ry. 

f:<.rk. 

llfiiilonk. 
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0.11% c. 
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are influenced by the method of holding the specimen, by the smooth¬ 
ness of the surface, by the rigidity of the support on which the specimen 
rests, by the shape of the hammer point, and also by the size of the inden¬ 
tation. The scleroscope tests conditions existing less than 0.01 in. from 
the surface. 

Both the scleroscope and the Rockwell device may be used to test 
materials of any hardness. The Rockwell test is also rapidly made. 
Its readings are very consistent and there is less chance of error due to 
maladjustirient of apparatus or personal equation of operator than in 
tests with the scleroscope. The method of measuring the depth of inden¬ 
tation is superior to that commonly employed in Brinell tests. Although 
the indentations made by the Rockwell machine are usually deeper than 
those made by the scleroscope, they are not as marked as in Brinell tests. 
If desired, the disfigurations due to Rockwell tests may be made still less 
by the usc^ of loads lighter than the standard. The fact that this machine 
has two standard scahis, and a number of others more or less used, is a 
slight disadvantage in comparing materials which have marked differ¬ 
ences in hardness. This objection is offset by the refinements in measure¬ 
ment thus obtained. 

Petrenko found for a wide range of ferrous and non-ferrous metals 
that tlie Brinell number (B) may be estimatcMl within 10 per cent from a 
Rockwell number by the following semi-empirical equations: 

for Rji between 35 and 100; 

130 — if If 

1,420,000 , , , 

B = -——, for R, between —20 and 40 

(lOO-Zf,)" 

~ for K abovo 40 
lOO-fi*. 

for between 0 and 120. 

Here R'b signifies Rockwell reading for a J-in. ball under a 100-kg. load 
ami other symbols have their previous meanings. 

134. Testing by the Brinell Method.—The surface to be tested should 
be plane, free from scale, and smooth; it need not be polished. The balls 
should be made of hardened steel or other suitable material.* They 
should not suffer a permanent deformation greater than 0.0001 in. when 
loaded with 3000 kg. against a steel piece having a hardness of 500 or 
greater. The balls should measure within 0.0025 mm. (0.0001 in.) of 
10 mm. (0.3937 in.). Balls should be remeasured after every test in which 
the hardness exceeds No. 500. 

*Sce A.S.T.M, Standardsj Des.: ElO-27. 
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The standard load for the ferrous metals is 3000 kilograms (6614 lb,); 
for the minor metals and alloys, 500 kilograms is often used. Pressure 
should be applied slowly and kept on the specimen for thirty seconds. 
The distance between the center of the indentation and the edge of the 
surface should equal at least 2.5 times the diameter of the impression. 
In no case should the side of a specimen exhibit a bulge after testing when 
compared with a straight edge. The thickness of the specimen should be 
at least ten times the depth of the indentation.* 

For tests on small or very thin specimens it is necessary to use a smaller 
ball than the standard. For such tests the applied load should be varied 
in proportion to the square of the diameter of the ball {D) in millimeters. 

D- 

Thus for iron and steel the load P = ^00()~— or 30/)- kilograms. For 

brass, bronze, and other soft metals P = 

If the depth of peni'tration is measured by Devriis’ rnetiiod, a micro¬ 
scopic reading to 0.001 mm. should be employed. If the diameter of the 
impression is desired, ineasurfMtients should be made to at least 0.01 mm. 
on two mutually perpendicular diameters. 

The general equation for Brineirs numbers is 

= - - -' 

where // = hardness; 7^ = pressure; />) = diameter of ball; and r/= diam¬ 
eter of impression. 

P 

In terms of the depth of impression, I, the equation is // = ——. 

TTUl 

136. Testing with the Scleroscope.—The surface of the specimen 
should be horizontal. If the specimen is soft, a fine fde is sufficient to 
smooth the surface; but if a hard steel is to be tested the surface should 
be ground on the side of a fine emery wheel. In tests on very hard metal, 
it may be advisable to polish the surface. In any event care should be 
taken to avoid injury through overheating. Mill scales, blisters or decar¬ 
bonized products of annealing must be removed before testing. 

When parts are standardized by this test it is necessary that each 
should be held in the same manner. Since the rebound of the hammer is 
largely affected by the rigidity of the test-piece, all small pieces should be 
securely held. A vise can be employed in most cases, but for pieces of 
peculiar shape a jig or plaster cast may be more suitable. 

The apparatus must be held in a vertical position. For ease in read¬ 
ing, the light should be directed downward toward the scale so that the 
top of the hammer glistens. An estimation of the rebound of the hammer 
♦See H. Moore, Proc. 1909, 2*. 
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sliould bo niado boforc tho test and the eye, held about 20 in. from the appa- 
ratnjs, should be sighted slightly below the calculated scale reading. For 
accurate reading of small differences in rebound, the magnifier may be 
set after the range has been obtained. 

Always avoid testing the piece twice in the same spot. Surfaces 
composed of widely varying constituents should be tested at several 
points to secure the range in rebound. 

136. Testing with the Rockwell Machine.—Prior to running a test, the 
machine should be equipped with the proper penetrator and tested several 
times on the standardized block provided by the makers. Tests should 
be made on one side of the block only, thus avoiding bearing troubles from 
111 dentations. After the surface has been covered with indentations the 
block should be discarded. "J"he surface of the siK^cimen should be smooth 
and normal to the axis of the penetrator. The specimen should rest 
s-olidly on the anvil. C'are should be exercised to see that tht^ specimen 
is i)roperly forc('d against the i)t‘iietrator and the dial turnetl to set marlv. 
The tim(‘ of ajiplyiiig the major load may lie reguhiti^d to some extent by 
adjusting th(‘ dash pot, lait it should not be mad(^ less than 4 s(u;. Wheii- 
(^ver a reading abov(' 100 is obtained on the B-scal(‘, a check should b(‘ 
made on the standard block. I'irratic readings also should always hv 
followial by clu'ck riaidings on the standard block. The diamond coins 
must 1)0 haiidl(‘d witli cart' and should not b(' subjt'cttal to shock during 
loading of specimens. (8ee A.S.T.M. Stds., Dos.: F18-3G.) 

SHEAR TESTS 

137. Essential Conditions in Transverse Shear Tests.—In order to 
obtain the Irut^ shearing strt'iigth of any substance it is nect'ssary to 
develop in it, along a given plants, shearing stress only, unaccompanit'd 
by thti bimding stri\sst\s of tension and compression. To accomplish 
this it is neci'ssary to conc(*nirate the external forces of action and reac¬ 
tion on planes an inlinitely small distance (r/r) apart. Any finite distance 
betw(M‘n tliese planes will devi'lop a cross-bending action and its resultant 
direct stresses across tlu^ plane of sln^ar. As it is impossible so to concen¬ 
trate the external shearing forci*s, it is necessary to overcome the bend¬ 
ing stresses ihie to non-concurreiice of the external forces by pn'venting 
the bending of the spi'cimen subjected to these forces. This is done by 
reinforcing the siiecimen between the slu'aring planes or by grooving 
the speciini'ii in the plaiu's of shear and sujiporting it by auxiliary clamps.* 

138. Objects of Transverse Shear Tests.—Although shear stress is pres¬ 
ent in in'arly all cases where cross-bending exists, it becoiiu's of practical 
importance in only i\ limited nundier of instances. In the design of riveted 

* Bnlh Dr. KpiiiiimJy and Mr. Barba Rrni)vinl thrir s|x^rimeiis for double shear, and 
also held them in rigid forms. See Rep. French Commission, Vol. 3, Plate 19. 
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joints, bridge pins, crank-pins, short I-beams, and wooden beams especially, 
the shear stress imist be consiilered. It is therefoia' of importance to be 
able to determine roughly at least, the sh(\ar strength of certain metals 
and of timber. It is, however, impracticable in the transverse shear test 
to determine thi^ elastic limit or modulus of elasticity. These determina¬ 
tions on metals can be gotten best from torsion tests. 

139. Specimens for Shear Tests.—For shear tests of metals, specimens 
of rectangular cross-section with a breadth equal to at least four times the 
depth are satisfactory for use with a Johnson sht^ar tool. If round speci¬ 
mens are used, this shear tool should be modified so that the specimen is 
clamped in a circular dit\ 

Wooden speciimms cut in accordance with Fig. 14. Cli. II, are satis¬ 
factory for use in th(' simph^ shear tool shown in tin; same figure. In 
preparing such specimens, one should remembiu’ tliat timber is weakest 
in longitudinaJ shear on planes tangent to tin; annual rings. 

140. Testing.— To avoid bending, it is necessary that the clamps on 
the .shear tool should grip the speciiinm tightly. Cart must also be taken 
to place, the speciiiuai in tin' axis of tin' shear tool with the shear planes 
at right angh's to the axis of tin' tt'st-piece. To avf)id eccimtric loading 
of the sp('cimen, it is ni'cessary to ap[)ly pressure' to tin; shear tool through 
a crosst;d knife-(;dg(; or tlirough a s[)herical seat. 

The sp(;ed of applying the load .should not exct'i'il 0.05 in. pt'r minute 
for metals and not over 0.1 in. per minute for wor)d. 

Ill Mdilitioii to the ultimate load, observation,s of the shape of the 
fracture and its tt'xture shoidd be made;. 

TORSION TESTS 

141. Objects.—In general, torsional shear stress may bn produced 
without bt'iiding, iievi'idlieless one must not forgi't that on certain planes 
in a body urnler torsion tliesi; shear stresses combine to produce t(;nsiln 
or coiiipn\ssiv(; strc'sses of i;(|ual intensity to the sln'ar stresses. A torsion 
tc.st diJTi;rs from a transverse shear test in that the deformation acts over 
any predettMiiiined length of tin; bar, and in that it vari(;s from zero at 
thi; center of the bar to a maximum at soiin; point on thi; outside. By 
using hollow cylindrical spt'cimens having a large internal radius compared 
to thickness, it is possilile to di'lermine tin; ultimate shear strength of many 
materials. If, howi'ver, the tensile .strength of the material is less than its 
shear strength, failun; in tension will ri^sult from condiined shear stresses. 

For elastic materials, the ehi^stic limit, yield-point, torsional modulus 
of rupture, modulus of t'lasticity and torsional resilience may be obtained 
provided a cylindrical test-piece is used. Torsion tests are made not only 
on shafting but also on variously shaped members of machines or structures 
which are subjected to twisting couples. In the latter tests the twisting 
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moment at the yield-point, the ultimate and the angle of twist at the yield- 
point and ultimate are the criteria of most use in design. 

142. Specimens for Torsion Tests.— For tests on torsional properties 
of materials, the round bar (either hollow or solid) is the only satisfactory 
form of specimen. Since it is possible to multiply the twist of the speci¬ 
men by using radial arms of considerable length, it is not important in 
tests on the modulus of elasticity that a long gage length be used. Ten 
inches is generally ample. If the test is to be carried to rupture, it is well 
to have the portions at the grips about 20 per cent larger in diameter than 
the gage portion. The transition, however, from the enlargetl ends to 
the gage portion shoulil Ije made l)y fillets of large radius. 

When it is desirable to determine the torsional strength and ductility 
of structural elements having non-circular cross-sections, the tf'st-piece 
should be geometrically similar in form to the shape under consiileration. 
It should also be rtanembertMl that in such sections the maximum shearing 
stress is produced at points on tlui periphery nearest the axis. I'ormula^ 
for maximum intensity of stress in elliptical and rectangular sections 
are given in Art. 23. 

143. Testing. —:l)escriptions of several machines and tyi)es of detrusion 
apparatus are given in Ch. 11. The detrusion indicator should be accurate 
and sensitive to one one-hundredth of the estimated angle of twist in the 
gage length at the elastic limit. The machine should be so constructed 
that end tcaision is not exerted on the specimen. In testing wire, means 
for making tin’! end tension constant should bii providtHl. Care must be 
exerted in grij)ping to insure against slipping. If the specimcai is hard 
and has cylindrical ends, it is well to cut line closely sj)act‘d grooves along 
elements of tlu^ surface to afford a grip for the teeth of the jaws. 

Tln^ cross-section of the specimen should be measurtul to one part 
in one thousand at seveial points along the gage lengLh; and, to afford a 
rough determination of the angle of twist, a fine line may be scribed along 
a longitudinal element of the surface. If the modulus of the elasticity 
is to be determined, it is well to secure about ten readings of twist within 
the elastic limit and to cut down the increiiuaits about SO per cimt when the 
twisting moment becomes 1)0 per cent of the estimatial moment at the 
elastic limit. The si)eed of tlu‘ twisting head wifhin the elastic limit 
ought not exceed O.OOf) revolution pc'r minute per inch of length of speci¬ 
men. Beyond the elastic limit this speed may be greatly increased. 

At the yield-point scaling will be obstu’ved on rolled sections. The 
location and the spreading of the scaling is of special note in tests on non- 
cylindrical shapes. At failure, the texture of the fracture and the inclina¬ 
tion and shape of the fractured surface should be observed. As a measure 
of torsional ductility, the angle of twist per unit of length may also be 
determined. 
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BEND TESTS OF METALS 

144. Significance of Bend Tests.—A rovgh but very valuable test of 
the dur-tiJity of inalloal)le metals is afforded by the various types of bend 
test eoDiiiionl}^ praelieed in the shop. The test eonsists in sharply bend¬ 
ing a bar or portion of a structural shape and noting the angle at which 
rupture occurs on the convex surface of the bend. If the material can 
be bent Ihroiigh an angle of 180° without rupture it is considcrtHl to 
have exhibited a high degree of ductility. The test is also used to 


1 



Fui l(i RcMilK oi ('f)l(l IJcMul Tc*sts (1) JXl-m Wrmipht Iron Bar, Note Crark; 
(2) j/l-iii. IMilil Sli‘1‘1 Bjir, fii) {> 2-111 Milii S(i‘rl Flnl; (4) ^ X m-hi. Cold 
ItnlliMl IVir; (5) {-iii 0 tU)^ , (';iiln)ii Sti'H BofI, (h) txl-m. WrouRlit-Irnii Bar 
Nirkcil lii'iit, Noti‘ C'r\stiils jil LHI, (7) Milil Stf‘cl Ktit Bunf*li('d niid Jicnt 
with Dll' Sidi* Outsiili', Noll* C'rarks, (S) Mihl SUm'I FImI Pujic*lii*d and lient with 
Die Hull' Inside, ([)) Mild Sh^cl Fkit DhIIimI anri Brnt; ( 10 ) Mild Stcid Flat 
SIhmkmI .ilmi^ Tkl^fs anil llciit with Die SnU* Insidi*; (11) Mild Stiiiil Flat Sheared 
along FdgL*^ and Bent \Mtli Du* Side Outsidf*, Note CVarks. 

ascertain the effects of certain shop operations— punching, drilling, and 
shearing -on ductility. Fig. Hi shows results of beml tests on wrought iron 
and st(*el specimens. This test is a more severe measure of ductility 
than the tension test but has not lieen so carefully standardized. The 
greatest advantage of thf‘ lest is that it may be inad(‘ without expen¬ 
sive equipment, coiis^'qiK'idly imdliods of standardizing should not remove 
it beyond the range of ordinary sJiop appliances. 

146. Various Kinds of Bend Tests.—C!)old-b(Mid, quench-bend, hot-bend 
and nick-bend tests are all used more or less. Of these the cold-bend test 
is most commonly practiced. This test is ordinarily ma le at normal shop 
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tnmporatures; sometimes to test ductility at low temperatures, specimens 
arti artificially cooled. (V)ld-bend tests are made on structural steel for 
bridges, l^iiildiiiKs, ships, locomotives, reinforced concrete, rivets, splice 
bars aiirl t)n the various parades of wrought iron. The test, as commonly 
made, measures ductility of the metal at normal temperatures only. 

Tor determininji; ductility of metal parts subjected to altta-nations 
of hi;;h and low temperatures, use is sometimes made of the quenc.h- 
bend test. The specinuui is first heated to a yellow heat and suddenly 
cooled by plungiiiK in water at a temperature of about 80° F. It is tinui 
subjrMded to the l)end test. Boiler-rivet steel is often subjected to this 
test. 

To measure the ductility of wrought iron at weldinp; heat, a hot-bend 
test is sometimes specifii'd. The specimen is heated to a temperature of 
1700 or 1800° F. and immediately bent. This test is useful in detecting 
a high-sulphur content. 

Nick-bend tests are made on wrought iron to determine structure. 
The A.S.T.M.* requirement for the nick-bend test of engine-bolt iron 
follows: ^^The test specimen, when nicked 25 per cent around with a tool 
having a 60-degrt^e cutting i^dge, to a depth of not less than 8 nor more than 
16 per cent of the diamet(‘r of the specimen, and broken slowly shall show 
clean fibems, free from crystallizatirm.” 

146. Specimens for Bend Tests.—The cross-section of specimens for 
bend tests may bii round, square or rectangular; fmishcal shapes are some¬ 
times tested. Rods and bolt stock are generally tested without machin¬ 
ing. When specimens are sheared from plates the edg(\s should be planeil 
and the corners rounded with a file. If this is not done, cracks may start 
at the corners due to weakening of the metal by the sheaiang process. 
Martens advocated that the length of Mats shouhl be cughteen times tlu‘ 
tliickness, the breadth three times the thickness, and the radii of the shearcfl 
corners should be one-fourth of the thickness.f 

If the speciinen is nickeil it is preferable to use a planer or milling 
machine rather than the cold chisel, although the latter method is the 
easiest. Martens recommended that the depth of the groove l)e between 
10 and 20 per cent of the thickness of the test-piece. It should extend 
across the surface which is under tension during the test. 

For bend tests on perforaled specimens tlie hole should be locatial in 
the center of thi^ test-piece. It should be punched l)efore the specimen i« 
sheared from the plate. The diameter of the hole should l)ear a fixed 
relation to the thickness of the test-piece. Mait-ens recommended that 
the diameter of the hole shouhl be twi(‘e the thickness and the width of 
the test-piece should be five times its thickness. 

* A.S/J'.M. Shiruiards, lies.: A.S4 30. 

^ Ilamiimtk of Ttstitiff Muierviluj )). Sli); also A.S.T.M. Tent. Sld.^ Des.; El(i-3ST. 
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147. Various Methods of Testing.—Methods of starting and closing the 
bend vary considerably, and herein is the one of the main causes for dis¬ 
crepancies in this test. On small specimens it is possible to use a black¬ 
smith’s sledge and anvil. However, such practice is not recommended. 
When elongation measurements on the convex side of th(‘ bend are to be 
made, the spt‘cimen is lightly marked at intervals of 0.1 in. tliroughout 
the middle third of its length. The middle third of the specimen is then 
clamped in a vise and the end portions suitably bent with a hammer. 
The specimen is then subjected to axial compression in a vise, press, or 
testing machine and bending continued until failure of the outer fibers 
occurs, or until the maximum requirement has been fulfilled. In applying 
the load the speed may be as rapid as can be controlkul hut shock must be 
avoided. The elongation of the outer fibers in a Itnigth ('f 0.3 in. for sp(‘ci- 
mens \ to \ in. thick and in 1 in. for thickr*r specimens can then b(‘ made 
with a flexible tape, making allowance for wiiltli of any included cracks 
(see A.S.T.M. Tent StfL, Des.: E16~38T). 

Bending attachments (see Art. 54 and 55) vield concordant results 
and are recoinmended when numerous tests are to be made. 

When nicked or perforated specimens are tested, the tcvst-piece should 
bo so placed that the bend will occur at the minimum cross-section. In 
testing punched vspeciriuuis the die side should be subjected to tension in 
the bend test. 

148. Influence of Thickness of Specimen.—If we consider that the 
neutral plane remains in tlu‘ center of the t(‘st-pii‘ce during bending, the 

per cent elongation of the outiu fiber is 100 —, where t is the thickness and 

R the radius of curvature of the neutral surfaci‘. d\‘sts show that although 
the above assumption is erromams, the elongation of the outi^r fiber does 
vary directly with the thickness and inversely with th(^ radius of curva¬ 
ture. Consequently, it is customary in spi^cifications to increase the radius 
of curvature for thick test-pieces. Thin steel plates are commonly bent 
fiat through 180° (roughly R = i); those above f in. are bent about a 
pin having a diameter equal to the thickness of the plate. It is common 
practice to bend rods about pins of equal diamettn-. (For examples see 
specifications for various classes of steel and wrought iron in the current 
A.S.T.M. Standards.) 

149. Observations during Tests.—Owing to the congestion of metal 
on the concave side of the bend and restricted lateral expansion, the 
neutral axis of the specimen must approach nearer to the concave side as 
the aiigle of bend increases. Also, more of the specimen is severely stressed 
and deformed as the bend angle increases. Consequently the angle through 
which the sp^^cimen is bent without cracking forms a crude index of 
ductility. It is good practice in tests for comparative purposes to observe 
both the angle at first crack and at rupture. To make such ineasurementr' 
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with accuracy the use of a cylindrical plug gage or a cone graduated on 
one element will be found convenient. Most American specifications 
omit elongation measurements and are so worded that no observations are 
required until the specimen has been bent a prescrilxid maximum amount. 

THE VALUE OF MECHANICAL TESTS 

150. A Resume of the Utility of the Principal Mechanical Tests.— 

In the following paragraphs appear a brief summary of the properties 
revealed by the various mechanical tests and the principal uses now made 
of these tests for ascertaining the quality of materials. 

Tmsion Tests .—With ductile materials the elastic and ultimate 
strengths, ductility, ela.stic resilience, toughness, modulus of elasticity, 
and an estimate of the composition and homogeneity can be had. Without 
an cxtensometer the test is not so informative for brittle materials; but it 
is effectively used to reveal strength and homogeneity. 

Tensile tests are inexpensive and the most informative of the mechani¬ 
cal tests for ductile metals, rubber, fabrics, cloth, paper, and yarn. With 
brittle materials, they are much used to test cements and cast iron. 

Compression Tests .—With ductile materials the yield point or yield 
strength, elastic resilience, and a poor measure of toughness can be 
obtained. Usually, with brittle materials, only the strength and uni¬ 
formity are ascertained. If a compressometer is used, the modulus of 
elasticity can be found. 

Compression tests are used principally to test the strength of brittle 
materials like wood, concrete, brick, stone, and cast iron. 

Transverse Tests .—With ductile materials the yield-point and modulus 
of elasticity can be found. With brittle materials the strength, measured 
by modulus of rupture, the flexibility, toughness, modulus of elasticity, 
and an estimate of the composition and homogeneity can be obtained. 

This test is the most informative and inexpensive of the mechanical 
tests for brittle materials like cast iron, wood, brick, cement, and concrete. 

Bejid Tests. —Cold, hot, quench, and nick-bend tests are sometimes 
used. The first three of these tests are measures of ductility for metals 
subjected to the respective conditions. Cold-bend tests detect very high 
carbon contents in steels normally cooled; they may detect brittleness 
due to a high phosphorus content or improper treatment in working or 
rolling. Failure in the hot-bend test may be due to a high sulphur con¬ 
tent. Failure in the quench-bend test is likely to result if the carbon 
content is above 0.20 per cent. The nick-bend test is useful in determining 
the structure of the metal and to detect imperfect methods of manufacture. 

These tests afford a simple, inexpensive, and valuable means for the 
shopman to determine the suitability of ductile metal like boiler plate, fire¬ 
box steel, reinforcing bars, rivet metal, engine-bolt iron, and stay-bolt iron. 
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HardTiess Tests. —The resistance of metals and other materials to 
indentation is the form of hardness most often tested. The Brinell 
ball apparatus, the Rockwell machine, and the Shore scleroscope are the 
devices most used for the determination of this form of hardness. The 
Brinell test permanently deforms the specimen but is a better index of 
hardness (within the limits of the hardness of the ball) than the scleroscope 
test. The scleroscope indications are influenced by other factors than 
resistance to indentation, but the apparatus may be used on harder material 
than the Brinell device and docs not seriously alter the surface of the speci¬ 
men. The Rockwell test combines the advantages of both the Brinell 
and scleroscope tests, but it does somewhat more injury to the surface 
tested than the scleroscope. 

The indentation tests afford an inexpensive and veiy valuable means 
for determining the (juality of hardened and tempered metals, for stand¬ 
ardizing the hardness of parts, and for detecting flaws in parts which on 
account of peculiarity in form can not be subjected to other mechanical 
tests. 

lynpact Tests .—Transverse impact tests oflV)rd a valuable measure of 
shock resistance for brittle materials. If the shock resistance of ductile 
metals is desired, the tensile; impact test is more informative. If trans¬ 
verse impact tests are made on ductile metals a notched specimen is gen¬ 
erally necessary. 

The test is most used for cast iron and wood, and for structural parts 
like rails, axles, shafting and forgings. 

Shear Tests .—The transverse shear test affords an imperfect measure, 
due to the existence of b(;nding stresses, of shearing strength. 

These tests are used somewhat for metals, wood and for riveted and 
nailed joints. 

Torsion Tests.—A measure of strength (the computed twisting 
strength), ductility, and toughness in torsion is afforded by this test. 
The shearing modulus of elasticity may be gotten if a proper torsion 
indicator is used. 

The test is occasionally used on ductile metals, shafts and parts which 
are to be subjected to twisting. 



CHAPTER IV 


CHARACTERISTICS, PHYSICAL PROPERTIES, AND USES OF WOOD 

161. The Timber Situation.—The original stands of timber in the 
United States are estimated to have contained 5200 billion board feet of 
timber. Much of this timber has been consumtd, and much of it was 
destroyed to make way for agriculture. There remains, however, over 
600 million acres of forest land on which, according to the best estimates, 
there is a stand of 1,668 billion board feet of saw timber in merchantable 
sizes, and some 970 million cords of small timber and cordwood. 

The depletion of virgin forests without proper consideration of future 
reproduction has naturally resulted in a shifting of production centers and 
chang(\s in species dominating the niark<^t. The prijicipal centers of soft¬ 
wood production at the present time are the Southern and the Pacific 
Coast states, with southmii yellow pine and Douglas fir, respectiv(dy, as 
the principal structural species. More specifically, about two-fifths of 
the present luml)er cut is produced in each of these regions. 

Extensive studies are being inaugurated to appraise the pre*sent forest 
situation with respi^ct to future n^quirements. Whereas present consump¬ 
tion gr(iatly exctuxls the annual growth, it is evident that second growth is 
becoming an important factor in augmenting the supply. With the prac¬ 
tice of forestry on land unsuited to other crops, and with efficient timber 
utilization, th(‘ Uiiit(^d States can reasonably be expected to meet its 
future needs, at least after an initial adjustment period. 

Although the per capita consumption of lumber in the United States 
has dticreased sharply since 1905, the decline in total lumber consumption 
has been less. One of the most significant causes of reduced per capita 
consumption is more economical use resulting from a better knowledge of 
the properties of wood, and the more extensive application of wood 
preservativt'S. 

For stiuctural uses, timber of excellent quality is still readily available. 
Better utilization of structural timber may be assured by the application 
of the iinpioved grading rules, which have been adopted by the various 
organizations, including A.S.T.M. and A.R.E.A., and by the use of the 
working stresses and dt‘sign formulae recommended by the Forest Products 
Laboratory. Significant trends having a far-reaching effect on utilization 
are the development of improved joints, through the medium of metal 
connectors, and the growth of the plywood industry. 
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Engineers are concerned principally with uses of timber for structural 
purposes. Each year they direct the use of pine, hemlock, Douglas fir, 
cypress, oak, redwood, chestnut, ash, spruce, and cedar aggregating a 
value of perhaps an hundred million dollars. Consequently it is quite 
necessary that they should be well informed concerning the properties and 
uses of this very valuable building material, in order that they, too, may 
use it to best advantage and conserve it wherever possible. 


GENERAL CHARACTERISTICS OF WOOD * 

162. Structure and Appearance.—Although color, weight, smell, and 
resonance are often helpful, the structure of wood is tlie oidy reliable 
means of identifying sp<^cies. Structure is closely relaled to all the mechan¬ 
ical properties of wood and v(Ty often furnishes an explanation for ol)served 
differences in these propinties- Furthermore, striH'ture and color di'ter- 
mine the beauty of wood, as seen in the hard j)ine ceiling, the (luartered- 
oak desk, the “ bird’s-c^yc ” maple drf!sser, t he mahogany paneling, and 
many other examples of decorative woodwork. V or the (‘ugiiuMT a knowl¬ 
edge of structure is of most importance l)ecause of tlit‘ relation of structure 
to si)ecies and mechanical properties. We shall, therefore, Inh'fly c.onsider 
the different classes of timber and certain of their more prominent struc¬ 
tural characteristics Ix^fore taking up their properties. 

153. Classes of Trees.—Two classes of treses furnish practically ail 
of the structural timber of the United States. They are the gymnosperrns 
(naked seed-leaved trees), of which the conifers are tlu' important family; 
and the dicotyledons (trees having two seed leav(‘s), which are commonly 
termed broad-leaved trees. A third class, the monoeotyh'dons, of which 
the yuccas and palms are the more prominent native meml)ers, are used 
to a small extent in some of the Southern Rtal (\s. 

Sometimes trees arc also classified by the way that they shetl their 
foliage. The conifers which are of most importance in tlie luml)er industry 
are evergreen, although the larch and Ijald cypress shed tludr needles 
annually. On the other hand nearly all of the broad-leaved trees are 
deciduous in our northern latitudes. 

Frequently, in the trade, the lumber of b] oad-leavt'd trees is called 
hardwood, and that of the conifers softwood. Here again the terms are 
inexact; since poplar, basswood, and horse-chestnut (liroad-leaved trees) 
are soft woods, while loiigleaf pine and yew^ (conifers) are hardwoods. 

The classes of conifers which are of most importancr* structurally arc 
pine, fir, hemlock, cypress, spruce, redwood and cedar. (Jak, maple, red 

* In preparing this chapter referpnee was made to ByllctiTi No, 10 of thn U. S. Forestry 
Div. by F. Roth, to Economic Woodii of the {'nited Slnte.Sj aTul Mcrhanical Propertien of 
W^oodf by S, J, Record, and to Wood Handbook, U. S. Dopt. of Agriculture. 
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gunij poplar, chestnut, birch, beech, basswood, elm, ash and hickory are 
much-used broad-leaved trees. 

Both conifers and broad-leaved trees grow in diameter as well as in 
height through the addition of yearly layers of wood, each of which forms 
immediately under the bark. On the other hand, the yuccas and palms 
increase principally in height. Although alike in manner of growth, coni¬ 
fers and broad-leaved trees differ markedly in structural detail and in 
character of wood elements. The wood of the conifers is characterized 
by a marked likeness in the wood elements and in their arrangement, while 
the wood of the broad-leaved trees consists of a griiater variety of fibers 
and cells which lack tlu; regular arrangement seen in the conifers. 

1B4. Structure of Wood in General. —If one examines a sawn log 
of well-grown structural timlnn’, he will ix^rceive a small pith at the center 
of the cross-section surrounded by numerous concentric rings of wood which 
are, in turn, encircleil by the bark. The concentric rings represent the 
layers of wood added each year during the life of tree. These annual rings^ 
therefore, furnish valuable information regarding the age of the log, the 
rapidity and the uniformity of its growth. The thickness of the annual 
rings will be found to vary greatly in different trees of the same species 
and in different parts of the same cross-section. Trees grown in the opm 
or after a forest has been cleared (second growth) exhibit wider rings than 
those which grow more slowly in the forest. Generally the rings are 
widest at the center and become narrower nearer the bark. Also the 
width of the same ring will vary from the bottom to the top of the tree. 
It is widest at the bottom in young thrifty trees, but in the old trees of the 
forest it is widest near the top. In thrifty forest triu^s the center rings are 
often a half inch or more in width, but in stunted spiicimens rings less 
than oTie-two-huTidrcth of an inch Avide are found. With the conifers a 
medium rate of growth is conducive to high strength and toughness; 
whereas a rapiii growth is di^sirable to produce maximum toughness and 
strength in hardwoods like hickory. 

Closer observance of a single annual ring discloses that it is not uniform 
in composition. In many of the conifers the interior of the ring is decidedly 
lighter in color than the outer portion; the exact opposite is true in the case 
of the oaks, while in a cross-section of hard maple no great variation 
in the color of a single ring is visible to the naked eye. These differences 
in color are due largely to variations in the size and structure of the wood 
cells and fibers. In the non-j)orous conifers the color of the earlier wood is 
due principally to cells which are less compact than those grown more 
slowly in the summer (Fig. 1). This difference in color and ring struc¬ 
ture is not, however, very pronounced in white pine. The ring-porous 
woods like the oaks and the hickories owe the darker color of their early 
wood to the presence of numerous pores, each of which is large enough 
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to admit a pin point, and which are almost absent in the later wood (Fig. 
^). Diffuse-jwrouti woods, like beech and riaple (Fig. 3), show little varia¬ 
tion in the appearance of the early and late wood because of the more 
uniform dispersion of the pores across the ring. Owing to the time of 


MR MR MR 



Fig. 1.—Cross-sprtion of Loiiplp.af Pine, a Nonporous Wood. (NoIp alhsciicp of i)ores; 
TRsin flui't, RJ); thi(d; I’pll walls in suniinnr wood, S\ t.liiii walls in spriiiR wood, 
SF] niUTow niialullMry riiy, MR.) 

Fiii. 2.—Ooss-si’ctioii of While Oak, a Ring Porous Woofl. (Note large vessels, 

I', in spring wood, SR, sf)ine being elogged with tyloses, T; broad medullary ray, 
MR] idso fd )ers, F.) 

Fig. 3.—Cross-section of lieech, a Diffuse Porous Wood. (Note the uniform disper- 
persion of vessels, V] fibers, F; medullary ray, MR.) 

[Figs. 1, 2, jiiid 3 tirp magnifiiMJ !il»i)vit 27 ilijiintaerH, IlDdur’i'd fioni phutomicrographa prepared 
by the P'ureat Produid.s I^uburulury, I'nrr.si, .St'rvicr, U. R. Dept, uf Agrie.] 


growth in our climate, the early wood is called spring wood, and the latef 
wood is termed sumnier wood. 

Since the summer wood is denser, harder and stronger than the spring 
wood, it follows that the percentage of summer wood in a stick of timber 
affords information concerning the mechanical properties of it. (See 
Art. 238.) Furthermore, the contrast between the spring and summer 
wockIs is sometimes of assistance in distinguishing different timbers of the 
same class—the pines for example. 
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The characteristic appKjarance of the annual rings after the log has 
been sawn into boards is seen in Figs. 4 and 5. Two important differ¬ 
ences will at once be noted in these figures. The more open spring wood 
or the pine board is lighter colored than the denser summer wood, whereas 
in the oak the porous spring wood makes it appear darker than the more 
compact summer wood. Also, on the transverse section of the oak there 
are well-marked radial bands or rays which appear as light-colored parallel 
lines on the radial section. These rays, often termed medullary rays^ are 
quite pronounced in many of the hardwoods but are less easily observed 



Fin. 4.—HiKird t)f Pine, c^’, t;i o.ss-stu*1inn; 
rs, rtidiMl sn-liini; ^s’, tangential spchDii; 
.S7/1, suiinner wood; spring wood; ar, 
annual ring. 


by the eye in the softwoods. They 
are, however, present in both 
classes of trees and serve as distrib¬ 
utors of water and food supplies 
between the bark and adjacent 
layers of wood. In the oaks the 
rays lend tiie beauty to the grain 
of the quarter-sawed lumber. In 
all classes of timber they greatly 
influence shrinkage and thereby 
affect mechanical properties, as 
we shall see later. 

As a tree grows the cells near 
the pith gradually become inactive 
so far as the life of the tree is 
concerned. They do not decay, 
however, but remain a firm and 
strong support to the tree. This 
inner lifeless jioi tion of the trunk 
is called the hmriwood. The sap- 
wood is the surrounding envelope, 
between the heartwood and the 


bark, which carries the water and alternately stores and supplies the food 
for the growing portions of the tree. Generally, through the infiltration 
of pigments, the heartwood is darker in color than the sapwood, 
although the contrast is not always marked. Red cedar, redwood, yew, 
tamarack, elm and liirch exhibit a strong contrast in the color of the 
sapwood and heartwood; but in fir, hemlock and spruce the contrast is 
largely wanting. 

The proportion of sapwood varies considerably in various parts of the 
same tree. Generally the envelope of sapwood becomes thinner near the 
top of the tree and in the limbs. Very thrifty rapid-growing trees gen¬ 
erally have a larger proportion of sapwood than trees of like species having 
a stunted growth, but the latter often have more rings in the sapwood. 
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The width of sapwood varies considerably for different kinds of wood; 
it is small for longleaf pine, white pine aiiu chestnut, and great for loblolly 
pine, Norway pine, ash, maple, hickory and gum. Occupying the p)er- 
ipheral portion of the log the sapwood always forms a large proportion of 
its mass. 

In old tree trunks the sapwood is likely to be weaker, freer from knots, 
and more susceptible to decay than the heartwood. In comparatively 
young timber the difference in strcngtn l)etween lieariwood and sapwood is 
small. Sapwood is more readily 
impregnated with preservatives 
than heartwood. Some claim 
that the sapwood of hickory 
is stronger and tougher than 
the heartwood, but tests by tlie 
Forest Service * have failed to 
substantiate this prejudice. 

165. The Grain of Wood,— 

The comparative width of an¬ 
nual rings, the direction and 
the arrangement of the cells 
and fibers are the causes of the 
grain of the wood. Thus trees 
of rapid growth having wide 
annual rings produce coarse¬ 
grained wood, while thos(‘ of 
slower growth produce wood 
with narrow rings or fine grain. 

When the wood elements are 
straight and run parallel to the 
pith the wood is said to be 
straight-grained. When the 
wood elements do not run par¬ 
allel to the axis of the piece, it 
IS said to be cToss-graincd. dhis includes ftpvralj diagojiiilj ifilcvlof. kEd (suc¬ 
ceeding layers winding in opposite direction), wavy, dip (one wave only), 
and curly grain. 

The slope of the grain can be ascertained by noting the direction of 
the surface checks, resin ducts and annual layers. Direction of grain can 
usually be told by observing the spreading of a drop of ink along the grain. 
Cross-grain has a pronounced weakening effect on the strength of beams 
when the slope is 1 : 15 or greater. 

166. Defects in Timber.—Besides irregularities in the character of 

* ByUetin No. 80, p. 50; also see Art. 239. 



Fig. 5. - Boiirrl of Oak. nross-Hf^nlion; r.*?, 
radial siMdinn; is, tangonlial sectioi]; r, med¬ 
ullary rays. 
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the grain, there are, from a structural standpoint, three important classes 
of defects in timber—knots, checks and shakes. 

Knots are the beginnings of branches which have been surrounded by 
the parent stem. Generally the piths of branch and stem join and the 
annual rings of the branch are continuous with the lower rings in the stem. 

The size of a knot, unless otherwise specified, is measured by the 
average of the maximum and minimum diameters on thci surface of a 
piece. Pin knots are under ^ in. in diameter, small knots are from \ in. 
to J in., medium knots from I to in., and large knots arc over \\ in. in 
diameter. Round knots are oval or circular in form. When a knot is 
exposed by sawing lengthwise it is called a spike knot. Sound knots are as 
solid and hard as the surrounding wood. A decayed knot contains advanced 
decay and is softer than the surrounding wood. In an encased knot the 
annual rings fail to grow into the fibers of the surrounding wood. A tight 
knot is so securely fastened that it will hold its position in the finished 
piece. When the wood fibers deflect around one knot it is called a single 
knot] when they deflect about two or more knots as a unit, the group is 
called a knot cluster. Two or more knots radiating from a common center 
are termed branch knots. 

Knots greatly affect the workability, cleavability, shrinkage, and the 
strength of wood. (Art. 240.) Knots in the coniferous boards are likely 
to be filled with resin, a condition which renders them difficult to cover 
with paint. 

A check is a longitudinal crack which is usually normal to the annuel 
rings. 

A shake is a longitudinal crack usually between the annual rings of 
growth. 

Both shakes and checks adversely affect the diirabilily of timbei 
because they readily admit moisture and air. If present near the neutral 
plane of a beam tlu^y may materially weaken its resistance to horizontal 
shear. 

167. Color and Odor.—The colors exhibited by different woods or 
by the sapwood and heartwood of the same tree are due to chemical com¬ 
pounds impregnating the wood substance. Freshly formed wood is nearly 
colorless, while the sapwood is lighter than the heartwood in all species 
having any pronounced demarkation between the two. Exposure to air 
deepens the color of wood and immersion under water darkens it very 
materially. When wood is attacked by fungi it loses its luster and becomes 
dull in appearance. 

Color, together with structure, is an important determinator of the 
beauty of mahogany, cherry, black walnut, red gum and sycamore. In 
many woods the color of the heartwood is a valuable aid to identification. 
Thus the white of the white spruce, the yellow of the osage orange, the 
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yellow-brown of the tamarack, the light brown of the chestnut, white 
oak and sycamore, the red-brown of the red oak, red cedar and red gum, 
and the dark brown of the black walnut are all distinctive marks. 

Odor is also due to chemical compounds in the wood substance. It is 
much reduced by exposure to the weather but can generally be determined 
by making a fresh incision in the wood. Ileartwood gives a stronger 
odor than sapwood. Odor is undesirable in woods which are to be used 
as food containers. In cedar chests, however, it forms a protective against 
moths. As a means of identification the resinous odor of longleaf pine, 
the aromatic odor of cedar, the sour smell of oaks, the smell of kerosene 
emitted by catalpa are noteworthy. Decayed timber often has a smell 
which is pronouncedly different from the odor of the sound wood; decay¬ 
ing red oak for example smells like heliotrope. 


PHYSICAL PROPERTIES OF WOOD 

168. Density and Specific Weight.—The true specific gravity of all 
wood substance is approximately 1.55; when^as the specific weight and 
apparent specific gravity (ratio of weight of given block to weight of an 
equal volume of water) vary with the density of the wood. Herein the 
term specific gravity will indicate the apparent value which varies from 
0.11 for balsa wood to 1,20 for black ironwood. This criterion conforms 
with our conceptions of heavy and light wood and the degree of its buoy¬ 
ancy in water. 

The percentage of moisture in the wood has a very large effect upon 
the specific weight. Thus green wood is heavier than dry wood, the 
green sapwood of a given log is generally heavier than the accompanying 
heartwood, and the wood of the green sapling is heavier than that from the 
old tree. Since the moisture content greatly influence,s the specific weight, 
true comparisons of this important property can only be made on dry 
specimens. 

Considering dry wood, we may say that the wood of a given tree is 
heaviest in the lower portion of the trunk, lighter in the limbs and branches 
and lightest in the roots. The heaviest timber in old pine is found about 
half way between the center and the bark, where a medium rate of growth 
has obtained. In young pines and in ring-porous woods like oak the 
heaviest wood is at the center of the stump. In general the dry heart- 
wood is much heavier than the dry sapwood. The dry wood of the oak 
sapling is heavier than that of the old tree, but in the pines and spruces tl^e 
reverse is true. In the conifers high density is favored by a medit^ or 
slow rate of growth and a high percentage of summer wood. Thtis the 
specific weight of shortleaf pine, redwood, western hemlock and Douglas 
fir has been found to vary linearly with the per cent of summer 
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wood.* In the ring-porous woods like oak, chestnut, and elm a rapid 
rate of growth is attended by the production of a large proportion of thick- 
walled fibers, thus causing a high specific gravity; but in the diffuse porous 
woods like maple, birch and beech, where the cell structure within the rings 
is more homogeneous, no relation between rate of growth and density is 
apparent. As in coniferous timber, however, so in wood from broad- 
leaved trees, the density increases with the proportion of summer wood. 

Since the specific weight of dry wood is often a very important cri¬ 
terion of the strength and other mechanical properties of timber (see Art. 

it is well worth determining. In the laboratory small discs about 1 in. 
thick are cut from different portions of large sticks so that the variation 
in weight and moisture content may be represented. The pieces are then 
carefully weighed, dried in an oven to constant weight at 100° C., and 
again weighed. The specific weight is then computed from the volume 
and dry weight of the disc. Density is frequently based upon the volume 
at test and the oven-dry weight. In the field a rough but satisfactory 
method of tletermining density is afforded by boring holes of known diameter 
and depth in different portions of a timber and determining the specific 
weight from the dry weight of the shavings and the volume of the hole. 

The range in average values for the specific gravity and specific weight 
of the more important native timbers are given in the table opposite. 
All data were obtained from small clear specimens from the top 4 ft. of 
16-foot butt logs of typical trees. Other results are given in Table 1, 
Ch. VI. It will be understood that individual specimens may vary con¬ 
siderably from the values tabulated. 

A practical rule for estimating the effect of small changes in moisture 
content, less than 6 per cent, in air-dry wood (12 per cent m. c.) is to allow 
a change of 0.5 per cent in the specific weight for a change of 1 per cent in 
the moisture content. 

159. Moisture in Wood.—Water is found in three portions of wood: 

(1) it constitutes over 00 per cent of the protoplasm in the living cells; 

(2) it saturates the cell walls; and (3) it fills, more or less completely, the 
pores of the lifeless cells. It occurs in all three portions of the sapwood 
but only saturates the cell walls in the heartwood. In the sapwood of 
white pine, containing 100 per cent of water (in terms of the dry weight 
of the wood) about 5 per cent of the water is found in the living cells, 
35 per cent in the cell walls and the remaining 60 per cent in the empty 
cells, t The water in the cells of the sapwood is drawn upward into the 
leaves of the tree and converted into sap. The sap is conducted down 
through the bark and provides nourishment for the wood forming imme¬ 
diately beneath the bark (the mmhium). The water in the sapwood con- 

* See Fig. 17, Bull. No. 108, Forest Service, 
t Ruth in Bull. No. 10. 
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161. Shrinkage and Its Effects. —For purposes of illustration con¬ 
sider a very small, thin transverse section of given wood, Fig. lA. If 
this section is very slowly and uniformly dried no change will be noted 
in the disc until the water in the pores is evaporated. Then the cell' 
walls will gradually become thinner and the sides of the disc fifc, bd, etc., 
will shorten. No contraction in length of the disc is, however, observable. 
Furthermore, since the thickness of the end walls of the cells or fibers is 
very small compared to their length, it is apparent that longitudinal 
shrinkage of a thicker disc composing several fiber lengths will be negli¬ 
gible. If we repeat the experiment with a disc like that of Fig. IB, we 



Fin. 7.—Warping of Wood. 




Fia. 8.—Formation of Chocks. 


will observe that the side ah shortens more than cd and that the surfaces 
ah and cd are curved, Fig. 7C. In other words, thick-walled cells shrink 
more than those having thin walls. We shall, therefore, find that a 
curved disc of wood one annual ring in width will straighten in drying 
owing to the fact that the thick-walled cells of summer wood shrink more 
than the thinner walled cells of spring wood. This inequality in shrinkage 
between the various cells produces stresses of a serious nature during the 
drying of timber. 

Again, if a stream of warm air is directed against the side cd of the 
moistened disc, F'ig. 7A, it will be noted that it shortens much more 
rapidly the^ ah, owing to the more rapid evaporation of moisture. When 
^ ” actiipf the disc are equally dry, ab and cd are again of equal length 
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Thus a partially dried board exposed to the sun's rays becomes concave 
on the upper side, but may be straightened by turning the board over and 
allowing the moisture in the convex surface to be evaporated. 

Since water is evaporated more rapidly from the ends of the wood ele¬ 
ments than from the sides, a piece of wood like that in Fig. %X will shrink 
naore laterally at ah than at cd. This action produces bending in the 
piece as shown in Fig. SY. If the rapidity of drying is sufficiently great, 
the resulting pull across the grain of the wood will exceed its tensile strength 
and checking ensues, Fig. 8Z. After the piece has completely dried 
many of these checks close, although the weakening 
effect still remains. Rapid drying of the outside logs 
and timbers often causes similar cracks to appear on the 
longitudinal surfaces. Not all of these radial cracks 
close when seasoning is complete; some gradually open 
and remain a permanent source of weakness for a reason 
which we shall now explain. 

Looking at Fig. 14, we note that the cells in medullary 
rays are elongated in a direction perpendicular to the 
longitudinal elements. Since cells in the rays obey laws 
of shrinkage similar to those governing the behavior 
of the longitudinal elements, it is at once apparent that 
the rays will shrink in the longitudinal and tangential 
direction but not radially, whereas the longitudinal ele- 






Fia 9.—Effects 
of Shrinkage. 


ments will shrink radially and tangentially but not 
longitudinally. Consequent!}^, the lateral shrinkage of 
the ray in the longitudinal direction will be hindered 
by the adjoining longitudinal elements and the length 
of the ray will l)c shortened by the radial shrinkage of 
the longitudinal elements. The mutually perpendicular 


tensile and compressive forces thus produced are often sufficient to 


break the bond between the ray and the adjacent longitudinal fibers. 


Once the bond is broken, further circumferential shrinkage operates to 


widen rather than to close the breach. 


In woods like oak, where the number of pith rays is very large, it is 
probable that the slight longitudinal shrinkage is due principally to lateral 
shrinkage of the rays. Also, the resistance offered by the rays to oppose 
radial shrinkage of the wood and the great shrinkage of the summer wood 
are the reasons why the tangential shrinkage of wood is always more than 
the radial shrinkage. The difference in shrinkage in th(?se two directions 
is the cause of much difficulty in drying. Besides producing the checks 
in logs and sawn timbers, this difference between the tangential and 
radial shrinkage also causes the flat surfaces of a sawn log to become con¬ 
vex, as shown in Fig. 9. 
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When hardwoods, like oak, are quickly dried the water is evaporated 
more rapidly from the outside than it can be brought to the surface. As 
a result the outer portion of the piece 
checks; or, if it has sufficient plasticity 
under the influence of heat and moisture, 
the surface may take a set and harden 
just as wood bent in steam retains its shape 
after drying. If drying continues, the in¬ 
terior of the stick shrinks and the circum¬ 
ferential tension in the outer shell is re¬ 
lieved. Further shrinkage of the piece, 

as a whole, 
gidity of the 


Fio. 10.—"Honeycombed” 
Board. TVir checks or cracks 
form along the pith-rays. 



I'lti. 11.—lllustraiing tlic hJinii- 
nation of Ca.se-liardcning in 
Kiln Dry Red Gum Steam¬ 
ing at the End of tlie Drying 
Period. No. 1 sawn after no 
final steaming; Nos. 2 and 3 
after eighteen minutes final 
steaming; No. 4 after thirty- 
six minutes final steaming. 
(J. E. Imrie, before Gum 
Lumber Mfrs. Assoc., Jan. 
16, 1916.) 


is diminisiied by the ri- 
outor shell. This brings 
about a gradual reversal of stress in the 
shell and causes raiiial tension in the 
interior. If the radial tension becomes 
excessive, ruptiu’e will occur, as shown in 
Fig. 10. This phenomenon is called case- 
hardening or h()ney-emihing. It may exist 
in lundier without tlie cracks being notita^d, 
but is revealed immediately upon sawing. 
A simple test for case-hardening is that 
used l)y Tieniann (s(‘e Fig. 11). 

Rapid drying of green ct^dar and red¬ 
wood at high temp(‘ratures often produces 
a collapse of tlie cell walls. This is brought 
about by the radial tensile stresses pro¬ 
duced on the cell walls by the withdrawal 
of free water. Such didects lower the 
strength of the timber; they may be 
avoitled by using lower initial temperatures 
in drying. 

Dried pieces of wood greedily absorb 
water with an increase in volume until the 
cell walls are saturated, the fiber-saturation 
point is reached;* subsequent filling of the 
lumen in the cells is accompanied by no 
further swelling, Fig. 12. 

The following average values for per 
cent moisture at fiber-saturation point 


* Tiemann reported in Proc. Soc, Am. For., Vol. 8, p. 313, that blue gum is an 
exception to the above rule, since it "begins to shrink immediately from green con- 
ij '-’ 70 to 90 per cent moisture." 
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were obtained by Tiemaiin (Cir. No. 108, Forest Service). Each result 
represents 40 or more tests per species of wood. In some cases 
individual values varit^d as much as 10 per cent from the averages. 



Kiu. 12.—K(‘l:itiDn between Swelling anti Mnistnre. Eaeh point is the average of 
from five to eleven siieeiniens. Hlaek dots indicate specimens that were kiln- 
dried anil then allowed to realisorb mnistnre. d'he fiber-saturation jioint is at C. 
{Cir. 108 of Forest Service.) 


S])iMMnH. 

I’lT (''I'lU. 


Southern vellow jiiiie. . . . 

25 

dl 

Ited spruce. 

Western heinlo ck. 

f/hnstiiiit 

Western larch. 

27 

Tamarack. 

Nor wav pine. 

29 

Red gum. 

Douglas fir. 

23 

White ash 




Jlttpoatod wotting and drying weakens timber, causes expansion and 
contraction, and, in addition, produces conditions which promote decay. 
Timber must, therefore, be protected from moisture, if constancy in vol¬ 
ume and its life are to be conserved. The swelling of wooden p)ipes and 
tanks after water is admitted often produces large stresses in 1 ^ b-*- ■ 















PRINCIPAL NATIVE IVOODS 


157 


and timber. The amount of swelling; and the stresses caused by it should 
be given careful consid(*ration in design. 

162, Amount of Shrinkage. —As a rule, if the sapwood is of the same 
density as the heartwood, the former will shrink more than the latter; 
but heavy heartwood shrinks more than light sapwood. Coniferous 
woods like pine, spruce, cellar, cypress and redwood shrink uniformly and 
do not check much in drying. Oak, beech, chestnut, elm, hickory, gum, 
and other hardwoods shrink considerably and check more or less, depend¬ 
ing on the care exercised in drying. 

In general, the radial shrinkage of wood is about bO per cent of the 
tangential, and the longitudinal shrinkage is negligilile. Therefore, the 
volumetric shrinkage is practically l.G times the tangi'ntial shrinkage. 
Experiments by the Forest J^roducts Laboratory show that the slirinkage 
for all species of wood varies roughly as th<‘ first, power of tlu' specific 
gravity (p). From Bulli'tin No. (>7G were obtairuai th(‘ following f)er- 
centage relationships; volume shrinkage = 2Sp; radial shrinkagci = I).5p; 
tangential shrinkage = 17p. 

Approximate values of the tangential slirinkage of air-dried material 
are given below, mori^ accurate results appear in Table 1, Ch. VI. 


APPROXfMATL SHRINKAGJ-] OF A HOARD, OR SET OF HOARDS, 100 
fNCIlFS WIDE, DRYING IN Till: OPJCN AIR 


C'i>iiiiiioii Nuiiif! (jf Si'irrirs. 

I.Htnrul 

StiriiikaKr, 

1 linllt'H. 

(1) Hardy eatalpa; redwood; white or red cedar. 

(2) Cedar (Alaska, Incense, Pori Orford); cheslnni, cypress; Alpine, halsaiu, 

white red fir' hM'ii‘^t ' ea'^tern hpiidiiek’ li^hl, pines. 

2 -2} 

3 -3! 

(3) Ash; Douglas fir; tupelo or black gum; western hemlock, lurch, heavy 
pines ptiplar sprui'e sveamore, black walnut. 

31-4 

4 -41 

41 51 

^4) Cottonwood birch majih* . 

Hasswood beech elm hickory, oak. 



PRINCIPAL NATIVE WOODS * 

163. The sourceSi characteristics, and uses of the more important 
woods will now be briefly described. In the list w^hich follows, an attempt 
has been made to arrange the various classes of wood in order of economic 
importance. Within a given class, however, there may be individual 
species which are of less value than species in a class farther down in the 
list. For example: Sugar pine, lodgepole pine, and tupelo gum are less 

* Compiled largely from Hough^s Handbook of Trees^ Snow’s Principal SpecicM 
of Wood^ and Bulletin No. 232 of the U. S. Dejit. of Agric.; see also Wood Handbook, 
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valuable than hickory; but the pines and gums as groups are more valu¬ 
able than hickory. The mechanical properties of many of these woods 
can be found in Ch. VI. 

164. Southern Yellow Pine is the term applied to the species of yellow 
pine which are found in Southern States from Virginia to Texas; most of 
our supply now comes from Louisiana, Mississippi, Texas and North 
Carolina. Included in this group are longleaf, shortleaf, loblolly, Cuban 
and pond pine. Difficulty experienced in separating these species has 
brought about the use of this inclusive term and caused the adoption of 
grading rules for quality classification. From the standpoint of the lum¬ 
ber producer, longleaf and Cuban pine are the most desirable species. 
From the viewpoint of the consumer, if the standard grading rules are 
used in the selection of structural timbers of southern yellow pine the dif¬ 
ference in strength and durability of members cut from trees of different 
species is unimportant. The heartwood of all species is durable in contact 
with the ground. The southern yellow pines are the most important 
source of dimension timber for all heavy construction. They also provide 
much lumber for joists, posts, piling, and building construction. When 
treated with preservatives the harder woods of this group make good ties 
and paving blocks. 

166. White Pine is still found to a limited extent in the States north 
of the Ohio River and east of the Dakotas, most abundantly in Minne¬ 
sota, Wisconsin and Maine. A somewhat inferior grade of white pine 
is obtained along the Rocky Mountains. It is a soft, uniform white wood 
which shrinks very little in seasoning, works easily, nails without splitting, 
and takes paint well. It is not very strong but quite durable. For 
window sash, interior trim and pattern making, the demand for this wood 
is very great. 

166. Norway Pine is now found principally in the States bordering 
on the Great Lakes. It is a light wood of fair hardness and strength, but 
is not durable in contact with the ground. Some dimension timber, 
masts, spars, piling and interior trim are made of it. It is often sold for 
white pine. 

167. Western Yellow Pine grows on the eastern slopes of the Rockies 
and in country westward to the coast. It is lighter, softer, weaker and less 
durable than longleaf pine, but heavier and stronger than white pine. It 
is considerably used for dimension timbers, ties and mine timbers; although 
unless treated, it is better fitted for trim and pattern making. 

168. Sugar Pine, found in California and Oregon, is a very light soft 
wood resembling white pine; it has similar uses. 

169. Lodgepole Pine, a timber found from the Rockies to the Pacific 
Coast, is a light, brittle, straight-grained wood of low strength. It is also 
difficult to season. This pine is used principally for poles, posts and ties. 
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170. White Oak of commerce includes true white, post, bur, overcup, 
swamp white, cow and chestnut oaks. Oak of this class may be found in 
the States east of Colorado, but the principal supply comes from the Vir¬ 
ginias, Tennessee, Arkansas, Kentucky, Ohio and Missouri. These oaks 
are all hard, heavy, strong, tough, dense woods which arc durable in con¬ 
tact with the soil. They shrink considerably and are likely to check 
in seasoning. The wood is capable of receiving a high polish. White 
oak is much used for furniture, cross-ties, agricultural implements, fence 
posts, wagon-stock, cooperage and baskets. These oaks are the most 
valuable of the hardwoods. 

171. Red Oak of commerce includes red, pin, Spanish and black 
oaks. The sources of supply are the same as for white oak. The wood of 
the red oaks, though hard and strong, is more porous, somewhat lighter 
and weaker, and far less durable in contact with the soil than white oak. 
It is used chiefly for interior finish and furniture. It is easily impreg¬ 
nated with preservative and when so treated makes excellent cross-ties. 

172. Live Oak is found along the coast of the southern Atlantic and 
Gulf States in California and Oregon. The wood is very heavy, hard, 
tough, strong, durable and difficult to work. It is used for implements, 
wagons and in ship building. 

173. Douglas Fir is grown along the Pacific Coast, the most valuable 
forests being in Oregon, Washington and British Columbia. The wood is 
strong and rather brittle. The hcartwood is durable in contact with the 
ground. It is the best structural timber of the northwest. This clear, 
straight-grained wood is widely used for building construction, dimension 
timber, ties, piles, boats, paving blocks, tanks, conduits and furniture. 

174. Hemlock is found in the Great Lakes States, in southeastern 
Canada and from Maine to Georgia along the Appalachian range. West¬ 
ern hemlock grows on the Pacific Coast from Northern California to 
Alaska. The wood is light, soft and brittle. Western hemlock is mod¬ 
erately strong and fairly durable, but eastern hemlock is weak and not 
durable in contact with the ground. Hemlock holds nails well and is 
much used in house framing. Western hemlock, known to trade as West 
Coast hemlock, is considerably used for dimension timber and cross-ties. 

176. Spruce.—Red spruce is found principally in New York, New 
England and West Virginia; white spruce in nearly all parts of Central 
Canada and in the Great Lakes States; Sitka spruce in Washington, Ore¬ 
gon and Idaho. The woods of these species are light and soft. They have 
low strength and fair durability. Spruce is used chiefly for paper pulp, 
railway ties, resonance wood, piles, aeroplanes and lumber. 

176. Cypress grows along the eastern and Gulf coasts from Mary¬ 
land to Texas and along the Mississippi Valley as far north as Illinois. 
Louisiana, Florida and Georgia are the chief producers. It is a wood 
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of medium weight and strength which is rather difficult to season but very 
durable. Cypress is used for siding, shingles, sash, doors, tanks, silos and 
railway ties. 

177. Hard (Sugar) Maple grows in all of the States east of Colorado 
but most abundantly in the Great Lakes region. The wood is heavy, 
tough, hard and strong, but not durable. The grain is often curly or 
has bird’s eyes.” It is used for interior finish, flooring, furniture, ship 
and car construction. When treated this wood may be used for cross-ties. 

17B. Soft (Red) Maple is found in the region with hard maple. The 
wood is medium in weight, hard and strong, but inferior to hard maple. 
It is fairly easy to work and is used for furniture, cabinet making, turnery 
and gun stocks. 

179. Chestnut grows on both slopes of the Appalachian Range, but 
is produced principally in the Virginias, Pennsylvania, Tennessee, and 
Connecticut. It is a light, soft, weak and brittle wood which is very 
durable in contact with the ground. The wood shrinks considerably and 
checks in seasoning, but works easily. Chestnut is much used for fence 
posts, poles and cross-ties; also for exposed constructions, furniture, and 
cooperage. Supply is scanty owing to ravages of a blight. 

IBO. Red (Sweet) Gum grows in the same regions as cypress and 
is supplied most abundantly from Arkansas and Mississippi. The wood 
is not durable in the ground, soft, rather brittle and of moderate weight 
and strength. It is easily worked, but warps and twists in seasoning. 
When highly polished it makes attractive furniture and interior trim. 
Other uses are for flooring, slack cooperage, turnery and wagon stock. 

IBl. Tupelo (Sour) Gum is found with red gum, but is most abundant 
in the Gulf States. It has about the same weight and strength as red 
gum but is tougher. This wood also is difficult to season and finds more 
or less use in the manufacture of boxes, furniture, wagon boxes, flooring 
and finishing. 

182. Hickory is fast disappearing in this country; the present supply 
is obtained from Arkansas, Tennessee, and the Ohio basin. The more 
abundant varieties of hickory furnish very heavy, hard wood which is 
stronger and tougher than other native woods. Hickory checks and 
shrinks largely in seasoning and is difficult to work. It is subject to 
insect attack and not durable. The chief uses arc for wagon stock, agri¬ 
cultural implements, axe-handles, hoops and baskets. 

1B3. Yellow Poplar (Whitewood) is found in nearly all States east 
of the Mississippi River and south of the Great Lakes; it is gotten from 
the Virginias, Tennessee and Kentucky principally. The wood is light, 
soft, brittle, weak and easy to work. It shrinks considerably, but holds 
nails well and is fairly durable. Whitewood is a very valuable wood for 
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interior finish, furniture, shelving, drawers, wagon-bodies and boxes; it 
is also used for siding and paneling. 

1B4, Basswood is scattered over the eastern half of the United States 
with the exception of the Southern Atlantic and Gulf Coasts; Wisconsin, 
Michigan, West Virginia and New York lead in production. The wood is 
soft, very light, weak, brittle and not durable. It shrinks considerably, 
but is very unifomi and works easily. Although slightly inferior to white- 
wood, it is used for similar purposes. 

1B6. Redwood grows abundantly along the coast of California. The 
wood is light, soft, straight-grained and very durable. In the West it is 
used for all kinds of lumber; ties, shingles, poles, paving blocks, tanks and 
conduits. 

186. Yellow and Sweet Birch are found in the it gion east of the 
Mississippi River and north of the Gulf States, also in Southeastern 
Canada; Wisconsin, Michigan and Maine leail in production. The wood 
is heavy, hard, stiff, strong, and tough ; but it is not flurable wlien exposed. 
Although hard, it works easily and takes a liigli polish. Birch is much 
used for interior finish, furniture, turnery and carving. 

187. Larch or Tamarack.—Th(i eastern variety of this wood, generally 
called tamarack, is abundant in the Great Lakes region, New England, 
northern and eastern Cyanada. Westiuuj larch is found principally along 
the Columbia River Valley. The Western variety is of medium weight, 
rather tough, hard, and durable, but somewhat less strong than Douglas fir 
or western hemlock. It is used for lumber, lath, cross-ties, poles and 
slack cooperage. Tamarack is of approximately the same weight and 
strength as W(\stern larch. Its uses are similar. 

188. Ash.—Varieties of ash are found in nearly all States east of 
the Rockies. Black ash is confined to the Northiun States of this region, 
but the white and green species arc widely found. The wood of the 
white and green ashes is heavy, hard, strong and fairly tough. It is 
straight grained, shrinks little in seasoning and can be polished. It is 
used for finishing luinbcu, in wagon construction, farm implements, fur¬ 
niture and cabinet work. Black ash makes a lighter, inferior wood to 
that of the white or green ashes. It is used as a substitute for them and 
in baske^t making. 

189. Red and White Cedar.—White cedar is found along the eastern 
coast and around the Great Lakes; red cedar grows in the region east of 
Colorado and north of Florida. Western red cedar is grown largely in 
Washington, Oregon, Idaho and Montana. Cedar wood is very light, 
soft, weak and brittle. Its low shrinkage and great durability, when 
exposed, make cedar valuable for shingles, siding, posts, poles and ties. 
Red cedar is much used for moth-proof chests. 
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190. Beect grows in the region east of the Mississippi and in south¬ 
eastern Canada. The wood is heavy, hard, strong, tough, but not durable 
in contact with the soil. It shrinks and checks considerably in seasoning. 
It is used for furniture, plane-stocks, handles and shoe-lasts. 

191. Elm.—White and slippery elms grow in the States east of Colo¬ 
rado; rock elm is found largely in Michigan and the States bordering 
on the Ohio River. The wood of the slippery and rock elms is heavy, hard, 
strong, tough, durable and difficult to split. The wood of white elm is 
somewhat inferior to that of the rock and slippery elms. Elm wood is 
used for agricultural implements, wheel-stock, boats, furniture, cross-ties, 
posts, and poles. 

192. Cottoirwood is found scattered over the region east of the Rockies, 
excepting in Maine; abundantly in Arkansas, Mississippi, Louisiana, and 
Tennessee. It is a soft, weak wood similar to whitewood but inferior in 
quality. It is considerably used for slack cooperage, fencing and paper 

pulp. 

193. Black Walnut is found over the eastern half of the United States 
with the exception of Southern Atlantic and Gulf Coasts; Indiana, Ohio 
and Missouri are principal producers. Some varieties are obtainable from 
New Mexico, Arizona and California. The wood is of medium weight, 
hard, strong and easily worked. It has a dark chocolate color and is sus¬ 
ceptible of a high polish. Owing to scarcity, its usage is confined largely 
to making of cabinets, furniture and gun stocks. 

194. Sycamore is most abundantly grown in the Ohio and Mississippi 
basin, although common in most States east of Colorado. The wood is 
of medium weight, hardness and strength. It is rather brittle, difficult 
to work, and liable to check and warp in seasoning. Sycamore makes a 
pleasing appearance when quarter-sawn. It is used for interior trim, 
oabinet making, tobacco boxes, and cooperage. 

195. Eucalyptus is a rapidly growing Australian tree of which a large 
number of varieties have been transplanted in California. Blue gum 
(Eucalyphis Globulus) is the most important of these. This durable 
wood is very heavy, hard, tough, and strong, comparing favorably in 
these respects with hickory. It is, however, extremely difficult to season, 
since it checks and warps very badly. From results obtained in Australia, 
it is predicted that the American blue gum will furnish a satisfactory 
wood for cross-tics, fence-posts, poles, piles, paving blocks and wagon- 
stock. 

196. Catalpa is grown in Mississippi, Alabama, Georgia, and Florida; 
and hardy catalpa in Missouri, Illinois, Indiana, Kentucky and Tennessee. 
The wood of the two species is similar, being light, soft, and weak. It is 
very durable in contact with the ground and makes excellent fence posts 
and poles. If well protected with tie-plates it also serves for cross-ties. 
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The very rapid growth which is characteristic of the tree has led to the 
planting of it for such purposes. 

THE roENTIFICATION OF WOODS* 

197. The Microscopic Structure of Wood. —Thus far we have con¬ 
sidered the structure of wood which is readily discerned by the naked 
eye. With a microscope', it has been ascertained that a fi'w definite typos 
of cells and fibers form the structures of all woods. Inasmuch as the recog¬ 
nition of these typers of cells, as well as their arrangement and condition 
forms an imjxirtant aid not only in identifying species, but also in account¬ 
ing for mechanical properties, a brief account of them is made. There are 
four main types of these microscopic elements which, with numerous tran¬ 
sitional forms, make up the structure of timber. These are (1) trncheids^ 
(2) parenchymaj (3) ves^^els, (4) wood jihers. The two first-nu*ntioneri 
constitute the wood of the conifers, but all four types are found in vary¬ 
ing amounts in broad-leaved trees. 

Tracheids are slim ix)lygonal cells provided with tajxuing ends. They 
are small and of little importance in the hardwoods; but in the conifers 
where they form the main constitucuits of the wood they range from 0.05 
to 0.35 in. in length with a diameter of one-fiftieth to one one-hundredth 
of the length. Tfie siile walls of the tracheids are i>erforated with hor~ 
dered pits which are funnel-like dej)ressions most thickly found near the 
ends of the cell (see Fig. 13). Tlirough the thin w^alls at the bottoms of 
these pits the sap flows from one cell to another. In Douglas fir, spiral 
ridges are found on the inside of the tracheids, while in long leaf and Nor- 
w^ay pine the ray tracheids have irregular dentations on the innei’ surfaces. 

Paretichijma are subordinate elements, w hich, like t he tracheids, may be 
arranged imd to end in a vertical line, thus forming the w^ood parenchyma 
fibers; or grouped in bundles with tlnar long axes extemling radially, they 
compose the entire pith rays of the hardwoods and the main part of the 
rays in softvvootls. Sometimes, as in wdiite oak, chestnut and hickory, 
the wood parenchyma fibers ai’e arranged irai allel to the vessels in the rings 
and appear as fine concentric lines on the cross-section. In some woods 
they form the boundaries of the rings; in some tliey are scattered through 
the wood irregularly; in others they are arranged in radial planes, and in 
still others they surround the larger vessels. Parenchyma are minute, 
thin-walled elements tapi'Ting at the ends and siilxlivided by transverse 
walls into short, prismatic cells. The side-walls of parenchyma are dotted 
with minute cylindrical depressions called simple pits as in Fig. 13F. 

* For a more complete discussion of the microscopic structure and the identification 
of woods, the reader is referred to Record’s Economic Woods and Hough’s American 
Woods, 
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By pressure of large bordering vessels the parenchyma running vertically 
are sometimes flattened into the conjugate form shown in Fig. ISH. In 
oak, hickory and walnut the individual cells of the vertical parenchyma 
are often separated by crystals of calcium oxalate, see Fig. 13Gr. 

Vessels are small pipe-like elements of indefinite length, the walls of 
which are covered with bordered pits (Fig. 13K). The diameter of ves¬ 
sels is finite variable, sometimes reaching 0.02 in oak, but more often it is 
less than 0.01 in. While growing, constrictions are produced in the side- 



Fig. la. —Types of Wood Cells. 


A, wood fibnr with narrow lumen; /?, wood fihiT with wider lumen and simple pits (s. p.); C, 
wood fiber with saw-tontlied end; C', wood fiber with forked end; D, traeheids with bordered pits 
tb. jl ) from pine; E, trardieid from oak; F, wood pareiii-hyina fiber with individual iMdls and simple 
pits (s. p.): fV, wood pariMiehyina witli rrystals of culeium oxalate from walnut; H, conjugate pareii- 
rhyma eells; A, part of seKineiit of a vessel wdth simple perforation (p,);//, part of segment of a 
vessel with sealarifonn perforation (Sc. jj.)- All much enlarged. (After Record.) 

walls, thus indicating the segments of growth. These segments may fit 
together (1) in a perfect transverse plane, (2) in an oblique plane, or (3) 
as in oak and gum, the faces of the segments may b(^ oblique and have 
blind ends extending beyond the main line of constriction. In type (1) 
the opening from one segiiH^nt to another is round, but in (2) and (3) the 
pi'rforations may be scalaviform as in F'ig. 13L. Vessels in the sapwood 
serve as vertical water supply lines for the growing portion of the tree, 
but ill the hcartwooil they are frequently clogged with sac-like protrusions 
from adjacent parenchyma cells. These protrusions are called tyloses. 
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Wood fibers are thin elongated cells tapering to a point at either end. 
They have thick walls which are ordinarily indented by inclined slit-like 
simple pits, see Fig. 132^. In mahogany the fibers are divided by cross 
partitions (septate fillers); in other woods the fibers are often forked at 
the ends (Fig. 13C'), a condition which decreases the cleavability of the 
wood. Wood fibers vary from a fiftieth to a tenth of an inch in length. 
They are found most commonly’^ in the central portion of the annual 
rings of the hardwoods and are an important source of strength, tough¬ 
ness and hardness. 

As mentioned before these various ty^pes of fibers grade into each 
other by transitional stages. Thus the wood fibers exhibit forms approach¬ 
ing the tracheids in some w^oods and approximating vnod parenchyma 
in others, and the tracheids sometimes grade into tlu' \ essels. 

198. The Structure of Coniferous Woods.—In Fig. 14 are shown 
(1) a sector of spruce in natural size and (2) a part of one ring from the 
same magnified 100 times but 
oriented to correspond with piece 
(I). Looking at the upper face 
of piece (2) we are at om^e im¬ 
pressed by the ri‘gular aiaangiv 
ment of the tracheids in radial 
rows. From left to right they 
become flattened radially show¬ 
ing the increase in density in 
jiassirig from the spring wood to 
the summer wood. On the hiwer 
front portion of this piect* we 
notice also the liordiTcd pits, of 
which enlarged types are shown 
at a, b and c. 

The dark lines in piece (1) 
represent the medullary rays of 
which five are exposed on the 
right face of piece (2). One of 
these ray'^s is seen in section on 
the front face of piece (2). It 
will be noted that the cells in 
the rays are elongated radially 
and that each ray is one cell wide (uniseriate) and several cells deep. 
In this wood, the top and bottom cells of each ray are tracheids (n), but 
the intermediate cells are parenchyma (m). 

The above example is typical of the regularity of arrangement of the 
cell structure in coniferous wood. In pine, spruce, Douglas fir, and tam- 


1 2 



Fig. 14. —Wood of Spruru. 1, natural size; 
2, small part of onf^* ring rnagnifitul 100 
times. The vertieal tubes are wood-fibers, 
in this case all “traeheids." m, medullary 
or pith ray; n, transverse traeheids or 
pith-ray; a, b, and c, bordercid pits of the 
tracheids, more enlarged. 
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arack vertical and radial resin ducts are found, which are interconnected 
here and there to permit the passage of resin. These ducts are often 
large enough to be distinguished by the naked eye. They are long canals 
bounded by groups of thin-walled cells, termed epithelial cells. Fig. 15 
shows a cross-section of shortleaf pine which passes through a vertical 

resin duct. Radial resin ducts 
are commonly inclosed in multi- 
seriate rays. Such ducts may 
often be formed by injury; chip¬ 
ping the outer sapwood of long- 
leaf pine opens the resin ducts 
and affords a method of securing 
turptmtine and allied products. 

Tyloses are sometimes found 
in tracheids adjoining parenchy¬ 
matous cells, but in conifers they 
are more often noticed in the 
resin ducts. Norway pine, West¬ 
ern pine, white pine, and sugar 
pine, are the main coniferous 
w^oods which have abundant 
tyloses (see Art. 208). 

199. The Structure of Wood 
from Broad-leaved Trees.—^As 
we have previously mentioned, 
the arrangement of the cell ele¬ 
ments in the wood of the broad¬ 
leaved trees is far more varied 
and complex than in the conifers. 
W(i shall consider two examples, 
red oak to illustrate ring-porous 
woods and sugai' maple to illus¬ 
trate diffuse-porous woods. 

The magnified cross-sectional view of red oak in Fig. 16 shows very 
clearly the irregular grouping of the large vessels in the spring wood, with 
a more or less gradual transition to smaller ones scattered here and there 
through the summer wood. In good oak these vessels occupy less than 
10 per cent of the volume of the wood, ljut in poorer varieties they may 
amount to 25 per cent. In the middle of the annual ring the dark, solid 
looking patches represent the cut ends of the wood fil)ers. The thicker 
the walls of these fibers and the greater the proiX)rtion of them in the 
wood, the stronger and tougher will it be. In good timber the fibers 
constitute one-half of the volume. Two medullary rays are also exposetl 



Fig. 15. —Crosa-sectioii of Shortleaf Pine, 
Showing Resin Dart Surrimiided by 
Epithelial Cells. (Rid. 101, IJ. S. Dept. 
Agric., PI. 1. Magmfieatioii = 125 diain.) 
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Fig. 16. —Photumicrograpli of Cross-section of IleJ Oak, a fUng-porous Wood. 

SH, spring wood (note open pores); S, summer wood; F, fibers; V, vessels or pores; MR, medullu> 
rny. (Prepared by the Forest Products Laboratory Forest ServiDe, U. S. Dept, of Agrio. Magnlfled 
in diameters.) 


168 


PHYSICAL PROPERTIES AND USES OF WOOD 


MR 




i 


:;■» ■ 






"A" 


■:■. t'- ' ■ 

• m- 


in this view. The width of the Vjand of cells composing these rays is a 
decided contrast to the uniseriatc rays of the conifers. In the oaks, rays 
are often a hundred cells in width and an inch or more in height. It will 
be observed, however, 
that they always taper 
in width, at the top and 
bottom, to a single cell. 

Fig. 17 brings out the 
comparative size of the 
medullary rays and the 
ring-thickness in oak. 

All of the lUills in the rays 
of the dicotyhalons are 
parenchyma. Some of the 
individual parenchyma 
can be distinguished in 
Fig. 16. Beside the me¬ 
dullary rays of large size 
other uniseriate pith rays 
of partuichyniatous cells 
may also l)e setai in Fig. 
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Fia. 17.—Blnnk of Oiik. C*S\ 
t*rus.s-.siM'tii)ii; RS, radial 
sertion; 7 ’aS, tangoiitial .slm'- 
tion; 7/ir, iiHnlullury nr jiilh 
ray; ti, heigld, h, width, anil 
e, luiKth of a pith-ray. 



Fig. 18.—Cross-section of Hard Maple. 

(.Noil* tt^ndf'iiry of prjri\s, V, to form railial i^rnuiiH. Sprinp 
wood, ,S'/’, is much like tin! huiiiioit w'oofl, S’. Narrow iiUMlullary 
ray, AfU. Fibers, F. Mapiiificatioii = S4 diameters. (Plmto 
prc'parcil by Forest Products Laboratory, Forest Si!rvic[\ U. S. 
Oi'pt. Agric.) 


16. The total proportion of rays in good white oak generally lies be 
tween 15 and 25 per cent. 

The arrangement of pores in a ring-porous wood like the sugar maple is 
more uniform, the diameters are smaller, and the variation in size is less 
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than in the oak (Fig. 18). Scarcely any difference is to be noted in the 
size of the vessels in the spring wood and summer wood, but there is a ten¬ 
dency toward radial grouping of two to four cells which is plainly marked. 
The medullary rays are much narrower than in the oak but broader than 
in the conifers. When the wood is quarter-sawed these rays produce a 
silvery appearance. There are, however, numerous intermediate pith 
rays of one-cell width in evidence. A further distinguishing feature of 
this wood is the distinct markings which limit the growth rings. 

Tyloses are abundantly found in the vessels of the following hardwoods: 
in white, Garry, over-cup, bur, swamp, cow, valley and post oaks, in 
most hickories, in chestnut, black locust, and osage orangt. Tyloses 
apparently increase the resistance of the w^ood to the di cay and also 
decreases the penetrance to preservatives.* 

200. The Use of a Key in Distinguishing Woods, f —Nobody need 
expect to be able to use successfully any key for the distinction of woods 
or of any other class of natural objects without iOine practice. This is 
especially true with regard to woods, which are ant to vary much, and 
when the key is based on such meager general data as the present. The 
best course to adopt is to supply one’s self with a small sample collection 
of woods accurately named. J Small, polished tablets are of little use for 
this purpose. The pieces should be large enough, if possible, to include 
pith and bark, and of sufficient width to permit ready insjXMrtion of the 
cross-section. By examining these with the aid of the key, beginning 
with the bettf'r-known woods, one will soon learn to see the features 
descril)ed and to form an idea of the relative standards which the maker of 
the key had in mind. To aid in this, the accompanying ilhistraljons will 
be of advantage. When the reader becomes familiar with the key, the 
work of identifying any given piece will be comparatively easy. The 
material to be examined must, of course, be suitably prepared. It should 
l)e moistened; all cuts should be made with a very sharp knife or razor and 
be clean and smooth, for a bruised surface reveals but little structure. 
The most useful cut may be made along one of the edges. Instructive, 
thin, small sections may be made with a sharp penknife or razor, and 
when placed on a piece of thin glass, moistened and covered with another 
piece of glass, they may be examined by holding them toward the light. 

Finding, on examination wdth the magnifier, that it contains pores, we 
know it is not coniferous or non-jxjrous. Finding no pores collected in the 

•From res(!arc-hes of Miss E. Gerry. See Jou,r. Agric. Iirmearch, Vol. 1, p. 464. 

fThe remniiider of this uhapter is mainly the joint procluut of Dr. B. E. Femow 
and Mr. Filibert Roth. Also see The Fropertwa ami Uses of Wood, by A. Koehler. 

t Hough’s Wood SectioTis will be found both helpful and pleasing. About three 
hundred and fifty speeies of Amoriean woods are now so preparfMl by Romeyn B. Hough 
Co.. Lowville, N. V. 
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Spring wood portion of the annual ring, but all scattered (diffused) through 
the ring, we turn at once to the class of diffuse-porous woods.” We now 
note the size and manner in which the pores are distributed through the 
ring. I'indiiig them very small and neither conspicuously grouped, nor 
larger nor more abundant in the spring wood, we turn to the third group of 
this class. We now note the pith-rays, and finding them neither broad nor 
conspicuous, but difficult to distinguish even with the magnifier, we at 
once exclude the wood from the first two sections of this group and place it 
in the third, which is represented by only one kind, cottonwood. Finding 
the wood very soft, white, and on the longitudinal section with a silky 
luster, we are further assured that our determination is correct. We may 
now turn to the list of woods and obtain further information regarding 
the occurrence, qualities, and uses of the wood. 

Sometimes our progress is not so easy; we may 'waver in what group 
or section to place the wood before us. In such cases we may try each of 
the doubtful roads until we reach a point where we find ourselves entirely 
wrong and then return and take up another line; or we may anticipate 
some of the later-mentioned features and, finding them apply to our spi^ci- 
men, gain additional assurance of the direction we ought to travel. 
Color will often help us to arrive at a speedy decision. In many cases, 
especially with conifers, which are rather difficult to distinguish, a knowl¬ 
edge of the locality from which the specimen comes is at once decisive. 
Thus, Northern white cedar, and bald cypress, and the cedar of the Pacific 
will be iilentified even without the somewhat indefinite criteria given in 
the key. 

Key to the More Important Woods of North America 
I. NON-POROUS WOODS 

InclndPB all coniferous woods. 

A. Rcsin-diicts wanting.* 

1. Nu dislinrl hrartAvnnd. 

a. Color effc'c-t yrllowish w^hite; summer wood darker yellowish (under 

iiiinroscope pith-ray without traeheids).Fina 

b. Color effeet reddish (roseate) (under microscope pith-ray with tracheids) 

Hemlock 

2. Heartwjiod present, color decidedly different in kind from sapwood. 

a. lleartwood light orange-red; sapwood pale lemon; wood heavy and 


hard. Yew 

6. lleartwood purplish to brownish red; sapwood yellowish white; wood 
soft to medium hard, light, usually with aromatic odor. . . .Red Cedar 


c. lleartwood maroon to terra cotta or deep bro\\mish red; sapwood light 

*To ili.si'ovor the resin-ducta a very aniDoth surfacu is necessary, since resin-ducts are frequently 
■BCn onlj' with (lifFiriilty, appearlni; on tin? rross-Hcctiun aa fine whiter or darker aputa nornially scat¬ 
tered siiiKly, rnri'ly in group.s, usually in the .summer wood of the annual ring. They arc often much 
more ensily seen on radial, anil still more ao on tangential aoetions, appearing there as fine lines or 
dots of open structure of different color, or bji indentations or pin-scratches in a longitudinal directioil. 
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orange to dark aml^er, very soft and light, no odor; pith-rays very 

distinct, specially pronounced on radial section. Redwood 

3. Heartwood present, color only different in shade from sapwnod, dingy-yellowish 
brown. 

a. Odorless and tasteless. .... Bald Cypress 

b. Wood with mild resinous odor, but tasteless. Cedar 


c. Wood with strong resinous odor and peppery taste wlien freshly cut. 

Intense Cedar 


B. Resin-ducts present. 

1. No distinct heartwood; color wliitc, resin-ducts very small, not numerous. 

Spruce 


2. Distinct heartwood present. 

a. Resin-ducts numerous, evenly scattered through the rii'g. 

a'. Transition from spring wood to summer wood gradual; annual 
ring dislinguishcd by a fine line of dense summer-wood cells; 
color white to yellf>wish red; w(;od soft and light. Sof'T 1‘inElS * 

b'. Transition from spring Avood to summer wood m.ire or less al)rupt; 
l)road bands of dark-colored summer wood: color from light 
to deep orange; wooil medium hard anrl he.avy.. . .liAtin Pines • 

b. Resin-tlucls not numerous nor evenly dislriluited. 

a'. Cohir of heartwoorl oraiige-reddisli; .sajjwood yellowish (same as 
hard pine); resin-ducts frequently comhined in groups of 8 to 
30, forming lines on the eross-section (tratdieids with spirals). 

Douulas Fir 

b'. Color of heartwood light russet-brown; of sapwood yellowish 
brown; resin-ducts very few, irregularly scattered (tracheids 
without spirals). Tamarack 


ADDITIONAL NOTES FOR DISTINITIONS IN THE NON-POROIIS IJROUl*. 

Spruce is hardl}" distinguishable from fir, except by the existence of the resin- 
duets, and microsenpieally l).y the presence of tracheids in tlie medullary rays. Spruce 
may also lie confounded with soft pine, except for the hi\art,wor>d (;oIur of the latter 
and the larger, more freq\ient, and more readily visible resin-duels. 

In the lumber-yard hemlock is usually recognized l)y color and the slivcry char¬ 
acter of its surface. Western hemlocks partake of this last charaeter to a less degree. 

Microscopicall}'^ the white pine can be distinguished l)y having usually only one 
large pit, while spruce shows three to five very small i)its in the parciicliyma-cells of 
the pith-ray communicating with the traeheid. 

The distinction of the pines is possible*, only by ininroscoiiic examination. The 
following distinctive features may assist in recognizing, when in the log or lumber- 
pile, those usually found in the market; 

The light, straw color, coinbineil with great lightness ami sr)ftneHS, distinguishes 
the white jiines (white pine and siigar-i)im*) from the liard pines (all others in the 
market), which may also be recognized by the gradual i-hange of sjiring wood into 
summer wood. This change in hard pines is abrupt, making the summer wood appear 
as a sharply defined and more or less broad band. 

Th^ Norway pine, which may be confounded with the sliortle.af pine, can be dis¬ 
tinguished by being much lighter and softer. It may also, but more rarely, Vie con- 

♦ Soft and hard pinea are arbitrary rliat.iiictiDn.a, and the two are not diaiingniahable at the com- 
BDD limit. 
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n. RING-POROUS WOODS 

[Somo of Group D and EodHr-L'lm imperfectly ring-poroiu.] 

A. Pores in summer wood minute, sea,ttcreil singly or in groups, or in short broken 
lines, the course of which is never radial. 

1. l*ith-rays minute, scarcely distinct. 

a. Wood heavy and hard; pores in the summer wood not in clusters. 

a'. CNilor of radial section not yellow. Ash 

Color of radial section light yellow; by which, together with its 
hardness and weight, this S|K^cies is easily recognized. 

Osage Ouange 

b. Wood light and soft; pores in the summer wood in clusters of 10 to 30. 

Catalpa 


founiled with heavier white pine, but for the sharper definition of the annual ring, 
weight, and harilnes.s. 

The longleaf pine is strikingly heavy, hard, and resinous, and usually very reg¬ 
ular and narrow-ringed, showing little sapwood, and differing in this respect from 
the shortleaf and loblolly pine, which usually have wider rings and more sapwcKjd, 
the latter excelling in that respect. 

If the pith is i)resent in the eros.s-section, the following method, which was pro- 
pi sed l)y Mr. Arthur Koelder of the Forest Products Laborat ory, serves to distinguish 
longleaf pine: 

Make the pith and surrounding rings clearly visil)le l)y smoothing with a knife 
iind moistening the smoothed surface. By the aid of a finely graduated rule and 
low-fiower lens measure the diamet er of the pith. If it is less than O.IO in. the specimen 
is not longleaf. In case the diameter of the pith i.s over 0.10 in., measure the diameter 
of the second annual ring, being careful to avoid mistake in identifying the .secaind 
ring. On a piece of cross-si'etioiial paper mark the diameter of pith as ordinates (ly) 
and the diameter of the .seennd annual ring as .al)scissas (j-). Using scales of 1.0 in. = 
O-Of) for diameter of pith and 1.0 in. =0.25 in. for diameter of second ring, draw a 
smooth rurve through the following points: j=-().40, 2 / = 0.09; x = 0.75, /y = 0.12: 
1 = 1.05, 7y=0.15l; j:=1.50, ;|/=0.198; x=2.00, y = 0.257. From the curve find diam¬ 
eter of pith coiTespnniling to the measured rliameter of the second ring. If this value 
is smaller than the measuri'd diameter of j)ith, the si)peimpn is longleaf, nr very rarely 
Cuban pine. If the me.isiired diameter of pith is nearly the same as the chart diam¬ 
eter, make cheek measurements on the other end of the siiecimeii. 

The following eonveiiieiit and useful clas.sification of pines into four groups, pro- 
]n)sed by Dr. 11. Ma 3 T, is based on the appearance of the pith-ray as seen in a radial 
section of the spring wood of any ring: 

Section I. \^’alls of the tracheids of the pith-ray with dentate projeetions. 

a. One to two large, simple pits to each tracheid on the radial walls of the cells 
of the jiilh-ray.—Clnnip 1. Keprcscnl ed in this eountry only by P. resinosa. 

(). Three to six simple i)its to each tracheid, on the walls of the cells of the pith- 
ray.—Group 2. P. lu’daj palustris, etc., including most of our "hard” 
and "yellow” pines. 

Section 11. ^^'alls of trarlieids of pith-ray smooth, ■without dentate projections. 

a. OiH' or two large pit.s to each tracheid on the radial w^alls of each cell of the 

juth-ray.—Group 3. 1*. strnbvs. Inmbrrliana, and other true white pines. 

b. Tliree to six siimll pits on the radial walls of each cell of the pitii-ray.—Group 

4. P, vnrrytma and other iiut-])iiies, inehidinir also P. hatfouriana. 
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2. Pith-rays very fine, distinct; pores in summer woods usually sir^^le or 

iU short lines; eolor of heartvvood reddish brown; of sapwood yellowish 
white; peculiar odor on fresh section. Sassafras 

3. Pith-rays fine, Inil distinct. 

a. Very heavy and hard; heart wood yellowdsh iirown. Black Locust 

b. Heavy; mtMliiiin hard to hard. 

a\ Pores in .suinnier wood very niinute, usually in small clusters of 

to S; heartwond li^ht orangi'-brown. Ked Mulbeury 

b'. Pores in suniincr wood sniall to niinute, usually isolated; heart- 
wood cherry-red. CorFEFi-TREE 

4. Pith-rays fine, but very conspicuous, even withoul niapnilier. Color of 

heart wood red; of sapwond jiale leiuon. IIoney'-locust 

B. Pores of suininer wood niinute or small, in concentric wavy and sonudiines braneh- 

inp lines, appearing as finely feathered hatchinps on tanpenii.d siMdion. 

1. Pith-rays fine, but very distinct; color preenish white. Heart wood absent 

or iinpi^rfeetly devidoped.IlACKBEnnY 

2. Pith-rays indistinct; color of heartwocMl reddish brown; sapwnorl prayish 

to redilish white. ]<]lms 

C. Pores of siumner wood arranped in radial liranchin^.; lines (wlu'ii very crowded 

radial arraiipement somewhat obseureil). 

1. Pith-rays very minute, hardly visible. Chestnut 

2. Pitli-rays very broael and conspicuous. Oak 

D. Pores of suinnu'r wood mostly but liltle smaller tlian those of the sprinp wood, 

isolaliMl and sealleri'd; very heavy and hard woods, d'lu' jiori's of Ihe sprinp 
wood sonudimes fi'ini but an impiafeid zniu'. (Some dilTuse-poroiis woods 
of prmifis A and H may sei in to belonp iiere.) 


AOniTlOXAJ. NO'I'ES FOli DISTIM’TIONS IN THE K1N U-1’0lUH’S UltlJUl' 

Sassafras ami mulberry may b(‘ eonfouiiilivl l»ut for Ihe prealer weipld and hard¬ 
ness and tln’ absmici' of odor in lln* iiuillierry; the radial se.rdion of mulberry also 
•shows llie pi(h-ra,>s conspicuously. 

Honey-locust, eotfee-tixM' and bhudv-locust are. -also very similar in appi'.aranc.e. 
The honey-locust .stands out by the conspicuou.sne.ss of the ])ith-rays, especially on 
radial sectimis, on accomd of tliidr heipht, while thi' blaid; locust is distinpuished by 
the i^xtremely preaL weiphi ainl hardne.ss, topether with its darker ).jrowii color. 
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1. Fine concentric lines * (not of pores) as distinct, or nearly so, as the very 

fine pith-rays; outer summer wood with a tinge of red; heartwood light 
reddish brown. Hickory 

2. Fine concentric lines,* much finer than the pith-rays; no reddish tinge in 

summer wood; sapwood white; heartwood blackish. Persimmon 

The ashes, elms, hickories, and oaks may, on casual observation, appear to re¬ 
semble one another on account of the pronounced zone of porous spring wood. The 
sharply defined large pith-rays of the oak exclude these at once; the wavy lines of 
pores in the summer wood, appearing as conspicuous, finely feathered hatchings on 
tangential section, distinguish the elms; while the ashes differ from the hickory by 
the very conspicuously defined zone of spring-wood pores, which in hickory appear 
more or less interrupted. The reddish hue of the hickory and the more or less brown 
hue of the ash may also aid in ready recognition. The smooth, radial surface of split 
hickory will readily separate it from the rest. 



Fir. 20.—Black Ash; S, White Ash; C, Grron Ash. 


The different species of ash may be identified as follows: 

1. Pores in the suminer wood more or less united into lines by parenchyma fibers. 

a. The lines short aiirl broken, occurring mostly near the limit of the ring. 

White Ash 

b. The lines quite long and conspicuous in most parts of the suminer wood. 

Green Ash 

2. Pores in the summer wood not united into lines, or rarely so. 


a. Heartwood reddish brown and very firm. Red Ash 

b. Heartwood grayish brown and much more porous. Black Ash 


In the oaks two groups can be readily distinguished by the manner in which the 
pores are distributed in the summer wood. In the white oaks the pores are very fine 
and numerous and crowded in the outer part of the summer wood, while in the black 


* Theac; fine enneentric lines are the Bcveral ends of wood parenchyma fibere.—Al. O. W. 












Fig. 21.—Wood of Red Oak. (For White Oak see Fig. 2.) 
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PHYSICAL PROPERTIES AND USES OF WOOD 


m. DIFFUSE-POROUS WOODS 

[A iiidifitini’ily ring-poroua womla of Group II, D, and cedar-clm may Hiu'm to belong hero.] 

A. Pores VMryin^r in size frniri Jjirge to minute; largest in spring wood, Hierehy giving 
sDinetiines the iLi)i)eiirance of a ring-ijoioiis arrangement. 

1. lli!avy and hard; ( 3 olor of heartwooil (espci^ially on longitudinal scetion) 


fdioeolate-hrown. BliATK W alnut 

2, Light and sofi ; eolor of hearlwood light reddish brown. Butteknijt 


II. J\jres ii JJ mill Lite ajul indhstinet; mo.st numerous in spring wood, giving rise to a 
/igijffT-eoiored zone or iine fespemJly on JongituiJinaJ seetion), thereby ap- 
j)f?aniig soMietimes ring-porous; wood hard, heartwood viiious-rrddisli; pith- 
rays VL'ry firu?, but very distinct. (See also the soinelinif^s indistinct ring- 
jjorous cedaiHrlni, and oi:i;asionally winged elm, W'hich are readily distinguished 

by the I'Dncentric wavy lines of pore.s in (he summer wood.). Cheuky 

Cl. Pur(‘s or indistinct, neither conspicuously larger nor more numerous in 

liie siiring w’ood Lfnil evenly dislrilmted. 

1. Hroail pith-rays pri'sent. 

a. All or most ])ith-ray.s broad, numerous, and crowTled, espetdally on tan¬ 
gential seel ions, meilium licavy and hard, difficult to .si)lit. 

SYr’AMDliE 


h. Only jiart of the pith-rays l)road. 

a'. Broad ])itb-rays wadi di'fiiicd, quite numerous; wood reddish white 

to reddish. Beech 

h\ Broad i)ith-rays not sharply deiinial, made up of many small 
rays, not numerous. Stem furrowed, and thi'refore the pi;riph- 
I'ly of section, and with it the annual rings, sinuous, bending 
in anil nut, and the large pith-rays geni'rally limili'd to the 
furrows or concave portions. W’ood white, rod- riMhlish. 

Blue Beei’H 


ADDITIONAL NlVl'ES FUU DISTlNi:TI DNS IN THE Dll'FUSE-l'DIiDUS UKOUP 
Olif'rry .'ind hindi are sometimes confounded. The higli pith-rays on the cherry 
or riulial secl ions ri'iidily ilistinguish it; distinct port's on i)ireh and spring-w ooil zone 
in idierry, :i,s well as I hi* tlaiUer vinous-brown etilor of the latter, will prove ludjiful. 

Two gniiijjs of hin lii's can he ri'adily distinguishable, though spiMdtie disline.tion 
is nut always po.ssihli*, 

1. Pilli-rays fairly distinct, the pon*s rather few and not more .‘diundaiit in 
llie spring wood; wood lii;avy, usually darker. 

CuEiiiiY Biiicu and Yellow Biuch 



L_Beech_I_S^camorG_1_Birch_I 

Fig. 24.—W^ood of Beech, Sycamore, and Birch. 
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2. No broad pith-rays presont. 

a. Pith-rays small to very small, but quite distinct. 
a'. Wood hard. 

(I . (.4)lijr reddish white, with dark reddislv tinge in outer sum¬ 


mer wood. Maple 

h". Cvolor white, Avithout reddish tinge. Holly 

6'. Wood soft to very soft. 


a". Por(\s crowded, oceupyiriK in‘arly all the space between 
|»il li -rays. 

a'\ ( iilor yellowish white, often with a greenish tinge 

111 heartwfiod.TuLiP-roPLAK 

( hanTMliEK-TIlLE 

b'". Color of sapwood grayisli, of heartwood light to 

liark reddish brown.lilKi) (Sweet) Glm 

h”. IVires not. eri)Wil(‘d, oeenpyiiig not ovi i i iu'-lliird the jiith- 
rays; heart wood brownish white to very light- lirown 

Hasswdoi) 

b. Pith-rays scarf-,ely distinct, yet if viewed with ordinary magHifier, jihiinly 
visible. 

a'. Pores i in list i net to the naked eye. 

a". Cidor uniform iiaie Aidlow; jiilli-rays not eonspieaious even 

on the radial seelion.Ibii KEYE 

h". Sapwofid yf’llowish gray, hefirtwood grayish brown; pit h-rays 
conspicuous on tin* radial section.. .dhirEiiO (Smui) Gum 
b'. Pores scanudy dislincl., but moslly visiide as grayish specks on 
the cross-siM'tion; sapwood whitish, heartwood reildish. 

Hiimii 

3. Pith-rays not visiide or else indistinct,, evim if viewed with inagiiiliiT. 

1. Wood very soft, white, or in shaili^s of hrowii, usually with a silky luster. 

( ’()TTONWOim (I’lieLAI*) 


12. Pith-rays barely ilisliuid, |)on\s more numerous and lamimonly fnnning a 
more porous spring wood zone; wooil of medium weight. 

Canoe on Paj'Ek-iiikoh 

The speiae.s of nia|de may be distiiiguishcal as fidlows: 

1. Most of the i)ilh-rays liroade.r tliaii llie, pores and very consiiicuous. 

Sduaii-macle 
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PHYSICAL PROPERTIES AND USES OF WOOD 


ADDITIONAL NOTES —Continued 

2. Pith-Tnys not or rarely broader than the pores, fine but conspicuous. 

a. Wood heavy and hard, usually of darker reddish color and comnionly 

spotted on cross-section. Red Maple 

b. Wood of medium weight and hardness, usually light-colored. 

Silver Maple 

Red maple is not always safely distinguished from soft maple. In box-elder the 
pores are finer and more numerous than in soft maple. 

The various species of elm may be distinguished as follows: 

1. Fores of spring wood form a broad band of several rows; easy sphtting, 


dark brown heart. Red Elm 

2. Pores of spring wood usuall}^ in a single row, or nearly so. 

a. Pores of spring wood large, conspicuously so. White Elm 

b. Pores of spring wood small to minute. 

a\ Lines of pores in summer wood fine, not as wide as the inter¬ 
mediate spaces, giving rise to very compact grain... .Rook-elm 


b'. Lines of pores broad, commonly as wide as the intermediate spaces. 

Winged Elm 

c. Pores in spring wood indistinct, and therefore hardly a ring-porous 
wood. Cedar-elm 




Fig. 26.—^Wood of Elm. o, Red Elm; 5, White Elm; c, Winged Elm. 


BiLWi 


6p.W. 


Fig. 27.—Walnut, p. r., pith-rays; c. 1., 
concentric lines; v, vessels or pores; 

•u.ir, summer wood; sp.ii;, spring wood. Fig. 28.—^Wood of Cheny. 













































CHAPTER V 


THE DETERIORATION AND PRESERVATION OF TIMBER* 
DETERIORATION 

201. The Durability of Wood.—The durability of wood is a decidedly 
variable property. If well-seasoned and kept in a dry place, if immersed 
in water, or if buried in the 
ground, it often lasts for 
centuries. Examples of sound 
wood piling which have been 
buried over a thousand years, 
wooden buildings which have 
stood for centuries, and many 
wooden relics can be cited 
as proof of this statement. 

When, however, unprotected 
wood is subjected to mois¬ 
ture, air and moderate 
warmth it decays. The 
rapidity with which it decays 
depends on external condi¬ 
tions, the species of the 
wood, its preliminary condi¬ 
tioning, and its structure. 

Thus in mines the life of 
timber sets of untreated red 
oak and pine is not over two 
or three years, in ties or 
fence posts it may reach 
four to six years, and unpro¬ 
tected pine bleachers may last ten years. In exposed structures decay nearly 
always starts at the sills and bottoms of posts and columns. Joints 
like Fig. 1 afford receptacles for the collection of water and snow with the 
result shown. On the other hand untreated fence posts of osage orange, 

• Preservation of Structural Timber^ by H. F. Weiss, Bulletins Nos. 78, 118, 107, 
and 126 of the Forest Service, were the principal sources for the compilation of this 
chapter. 



Fig. 1.—Decay at Joint and in Strut Supporting 
a Bleachers. (Teesdale in Am. Lumberman^ 
Oct. 3, 1914.) 
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black locust aiul red cedar often last a quarter century or more;* the life 
of cedar pokis may be estimated at fourteen years, but those of loblolly pine 
are Moly to decay in one-third of that time. In general, sapwood decays 
much more rapidly than heartwood. Hence specifications call for a large 
proportion of heartwood in tiiidiers to be exposed to the weather. A table 
showing the relative resistance of the heartwood of common native timbers 
follows. 


Duuability or Heartwooi) of Timbers under Conditions Favoring Decay 


Highly Durahh 
CiMlar, red or white 
Clie.stiuit 
Cyjirc.ss 
I^oeust, blnek 
Oiik, while 
OstL^e Or 1111^5 c 
Redwood 


Meilium Durahility 
Doupihis fir 
Pine, southern yellow 
(Umi, red 
Lurch, western 
Pine, white 
d'ainaraek 


Low Durability 
Beech 
Bireh 
Ihaidoek 
Maple 
Oak, nul 
Pine, Norway 
Hpruee 


Non-durable 
Aspen 
liasswood 
Cotton woo[1 
Fir, white 


Besides decay, wood may be injured by the attack of insects, marine 
borers, and woodpeckers. It deteriorates under rneclianical abrasion and 
may, of course, b(> entirely destroyed by fire. 

202. Compositieii of Wood.—Wood is essentially an organic sub¬ 
stance, .made, up of a skeleton of cellulose impr(‘gnated with lignin. Cellu- 
lovse is a whitish substance, like starch (CoHioOri) in composition, but more 
highly resistant to alcoholic fermentation. Lignin is also composed of 
carbohydrate compounds, but it is more soluble in acid than cellulose. 
Chemically, dry wood contains 49 j^er cent carbon, 44 per cent oxygen, 6 per 
cent hydrogen, and 1 per cent ash. 

203. Causes of Decay.—The organic suljstances in wood are susceptible 
of attack both by bacteria anti by fungi. The method by which bacteria 
decompose wood is probably similar in nature to a fungus attack. Fungi 
reproduce through thousands of minute particles, called “spores," which are 
blown about by the wind. The spores send out mycelia, Avhich in turn 
destroy the wood tissue by the action of solvent chemicals, enzymes, 
which the mycelia secrete. 

Only a small proportion of fungi destroy wood. Of this number some 
attack the lignin, others the cellulose, and still others consume both of 
thtise sutistances. The attack may proceed without any external evidence 
of the injury which the mycelia are inflicting within the wood, or it may 
be proclaimed by the appearance of mushroom growths, termed “fruiting 
bodies," on the surfaces of the timbers. In either case, after a consider¬ 
able proportion of the cell w^alls has been destroyed by the mycelia, the 
w ood bt^comes brittle and w eak. Decaying timber is further characterized 
by a lack of ri'sonance when struck Avith a hammer, by an abnormal 
*Si‘R Bull. No. 219, Ohio Agrir. Expt. Sta. 
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capacit.y for aV)sorbing water, and very often by an unnatural odor and 
color. 

For life and propagation, fungi require air, moisture, warmth, and food 
supply. Not all fungi, howevei*, thrive equally well under the same con¬ 
ditions. For example, the house 
fungus {Merulius lachrynians) ^ Fig. 2, 
can live in air-seasoned timber 
surrounded by atmosphere with less 
than 70 per cent relative humidity, 
thrives at normal room temperatures, 
l)ut is killed in an hour by a tem¬ 
perature of 115“ F.* This fungus 
has been known to lie dormant for 
several years in a seasoned stick of 
timber. All that is required to revive 
it is an increase in the humidity of 
its habitat. Ii'requently the house 
fungus furnishes no surface indication 
of its presence. In sindi cas(^s l)oring 
into l)eams or plaidcs which are 
thought to be contaminated may 
reveal the extent of the rotting. 

Rotted timber forms brownish chips. 

If the fungus is alive its presence 
may be detected by cutting small 
cubes from the eilges of the brown 
wood region. These should be soaked 
in a 2 jkt cent citric acid solution for 
alx)ut six hours; they should tluui be removed and stored in a closed jar 
at 75° F. for a couple of weeks. If filaments apj)ear the fungus is 
alive. The insidiousness of the attack of the house fungus makes it mowst 
dangerous, especially in buildings of mill constrmdion type. On account 
of the virility of the fungus umler somewhat dry conditions, the name 
“ dry rot has lieeii given to this form of decay. 

In contrast to the house' fungus with its dry habitat and alinormal 
sensitiveness to heat, the following fungi which are characterized by 
many pores in their fruiting bodies may be mentioned: the Fomes roseus, 
Trarneies serialis and the Lenzites sepiaria. The Fomes roseus, Fig. 3, 
has a bard pink fruiting body covered with small round pores; it lives in a 
saturated atmosphere and works much mischief to wood exposed in damp 

* This discussion of the house fuiigu.s and dry rot is nhstracted from a valuable 
article entitled "Dry Rot in Factory Timbers,” In' F. J. Iloxie, of the Inspection Dept, 
of Assoc. Factory Mutual Fire Ins. Co., Boston. 



Fig. 2. —Strands of the ITouse Fungus 
Fouiiil Dll Pini^ IMiiiiks jit the Base of 
M Liiinl)f‘r Pile. (Photo by C. J. 
Hiiuiplirey.) 
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basements. The fruiting body of the Trametes serialis, Fig. 4, is tough; 
the surface is white and covered with small pores. It also works in a very 
moist atmosphere. The Lenzites sepiana has a semi-circular plate-like 
fruiting body which has side attachment to the wood. The under side of 
its frui ting body is covered with gilJ-likc pores. It is very active in destroy¬ 
ing warehouse platforms and 
railroad ties. This fungus 
lives even when the temper¬ 
ature approaches the boiUng 
point of water. 

Certain fungi attack 
with avidity the products 
stored in the cell walls of 
the sapwood. This attack 

Fig. 3.—Fomes Roseus on the End of a Tie. common in woods 

(Photo hy C. J. Humphrey.) which are air-seasoned in a 

warm humid atmosphere. 
Despite the fact that no great damage to mechanical properties * appears 
to attend such action, at least in the early stages, yet the discoloration, 
which goes by the name of sap stain, is objectionable since it decreases 
the value of the timber. 



204. Insects.—Although de¬ 
cay is the principal cause of dete¬ 
rioration of timber, an immense 
amount of damage is done annu¬ 
ally by the attacks of insects. 
Timber with the bark on is es¬ 
pecially lial)le to injury from 
them, and the attack once started 
in the green log may continue 
after the wood has been seasoned. 
Insects are particularly active in 
mine timbers, posts, poles, hickory 
hoops and poles, wagon stock, 
and pulpwood. IVo common in¬ 
sects described by Weiss t are 
the powder-post insect and the 
pole-borer. Both of these in- 



m 





FiiJ. 4 .—Trnrnetes Serialis. Upper spneiinen 
from under side of m floor, lower specimen 
from side of a girder. (Photo by C. J. 
Humphrey. Reduced about one-half.) 


sects evolve from small beetles. The powder-post variety comes from a 
small brown or black bug which, when out of doors, deposits its eggs early 


* See tests in Cirndar No. 192 of Forest Service. 
t^See The Preservation of Slruciural Timber, Ch. II. 
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in the spring on the surface of the wood. The eggs hatch into a small 
white grub. The grub bores into the wood and transfomis it into a fine 
powder while selecting its food. After a period of growth the worm forms 
a cavity in the wood and lies dormant while its legs and wings are being 
developed. Since this beetle multiplies very rapidly, the deterioration of 
the infested timber proceeds quickly. 

The pole-borer comes from a reddish brown beetle about two-fifths 
to four-fifths of an inch long which deposits its eggs near the ground line 
of posts and poles during the late summer and early fall. On hatching, 
the creamy white grub bores into the wood. It transforms the wood 
tissue into a reddish broAvn or yellow dust which is packial into the bur¬ 
row behind the worm. Like the powder-post insect, the pole-borer lies 
dormant in a cell in the wood until converted into a beetle. During the 
late summer the latter emerges from the pok) through a large hole near 
the ground line. The pole-borer attacks both sound and decayed timber 
but is not active in the latter if it is water-soaked. It has been found in 
poles within two years after setting in the ground. 

Termites, insects resembling white ants, havv' done a large amount of 
damage to wooden structures in the southern states and to a lesser extent 
in other portions of the country. The subterranean and dry-wood termites 
are the two classes operating in the United States. Both classes live very 
secretively in highly organized colonies and feed upon the cellulose in the 
wood without giving early external evidence of the damage bidng done. 
The subterranean variety inhabit dark, damp tunnels of propiuly regulated 
temperature well below the surface of the ground, and extend ninways to 
the wood for food. The dry-wood tennites do not require ih(‘ humid earth 
habitat and, though less numerous, do much damage in the extreme south. 
Often the first warning of the presence of termites comes wluui a swarm of 
flying alates, young termites with wings, issues from an infested timber. 
These alates quickly lose their wings and die in large numbers, but the few 
survivors suffice to propagate new colonies. 

Ravages of termites can be prevented by building tight concrete 
foundations, by keeping untreated timber out of contact wil h the ground, 
and by providing metal shields for all sills, foundation timbers, and con¬ 
duits. Where termites have caused damage, badly infested members 
should be replaced by creosoted timbers. Timbers slightly damaged can 
be saved by treating with finely powdered Paris green or sodium fluosil- 
icatc. 

206. Marine Borers. —There are two classes of marine borers infesting 
the waters of both Atlantic and Pacific Coasts, the mollusk and the crus¬ 
tacean types. Of the first class the teredo and xylotrya, which are very 
similar in appearance and mode of living, are the most important. Owing 
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to their shape they are frequently called “ shipworms/^ Either mollusk 
tunnels into the wood by means of a pair of shell valves and excretes the 
borings and a calcareous substance for lining the burrow through a pos¬ 
terior syphon. The food supply of the mollusk which consists of low forms 
of animal life found in the water, is secured through a second posterior 
syphon. The teredo rarely exceeds a length of 15 in. or a diameter of 
I in., but specimens of xylotrya 6 ft. long by 1 in. in diameter have been 
reported. Shipworms infest warm salt water or brackish waters and are 
said to prefer calcareous shores. They attack piling between mean tide 
and the low water level; and at the Isthmus of Panama and along the 
coast of Florida have been known to ruin untreated timber in less than one 
year. 

The limnoria or wood louse is the crustacean which is most dangerous 
to timber. It grows to the size of a grain of rice and bores into the wood 
by means of sharp jaws. It lives on food gotten from the wood sub¬ 
stance which it penetrat(\s radially to a depth of about \ in. per year. 
It is active only in clear salt water and confines its attack to a narrow belt 
around the piling near the low-water mark. The limnoria is particularly 
active in the Gulf of Mexico and along the north Pacific (yoast. 

No native timber except the palmetto appears to l)e highly resistant 
to the attack of marine borers. The greenheart of South America and the 
jarrah of Australia are also said to be highly resistant to such attack. Pine 
and fir are the timbers largely used for piling in this country, but they must 
be protected to withstand the ravages of these pests. Creosoting 1 ) 3 ^ the 
boiling or Bethell processes, or encasing the piling in concrete jackets are 
the methods of protection ordinarily used. Impregnation with creosote 
even when well done is not always proof against shipworms, while concrete 
casings are ex]xmsive and likely to be cracked. Borers in an attacked pile 
may be killed by chlorine gas, which is generated as follows; The pile is 
enclosed with a canvas curtain and an electric current passed through the 
pile and the en(dosed salt water. The treatment is expensive and requires 
frequent rej^etitions in waters which are heavily infested with borers. 

206. Other Deteriorating Influences.—Wood cross-ties, mine props 
and wharf timbers suffer considerably from mechanical wear. It is esti¬ 
mated that a tenth of the annual tie loss could be saved by the use of suit¬ 
able tie-plates and improved spikes. It is not always possible or econom¬ 
ical to protect timbers from mechanical wear, but in some cases iron plates 
may be effectivel.y employed as shields. 

Fire decomposes wood into carbon dioxide, water vapor and ash. 
Wet wood is about twice as resistant to fire as dry wood. Structural 
timbers which arc w^ell-seasoned will ignite with difficulty at temperatures 
in the vicinit 3 ' of 400° F., and very quickly at temperatures around 600° F. 
Wood attacked b 3 " dry rot is more combustible than sound timber. Experi- 
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ments by the National Fire Protection Association* show that the resist¬ 
ance of wood to fire can be much increased by saturating it with weak 
solutions (5 to 10 per cent) of ammonium sulphate or ammonium phos¬ 
phate. Impregnation of the chemicals was accomplished l\y heating the 
solutions jto 150"* F. and maintaining a pressure of 130 lb. per square inch 
on the specimens for two hours while they were soaking. For wood 
exposed to moisture a treatment with zinc borate is effective. In this 
treatment the wood is first impregnated with a 10 per cent borax solution; 
it is then dried and again soaked in a 3 per cent zinc chloride solution. 
The tw'o compounds react forming the insoluVilc borate which remains in 
the wood. The estimated cost of these treatments j)er thousand siiingles 
ranged fnMn #1.29 for the zinc borate, treatment to #2.48 for a treatinent 
with a solution of 4 pi'r (‘ent ammonium sulphate and 3 per cent am¬ 
monium phos|4rate. In view of the enormous annual fire loss in timlier 
constructions, further experimentation along these lines should l>e ilone. 

Woodp(M*kers ilo considerable injury to poles by boring into them and 
building their iu*sts. Where the holes are well above the ground line, they 
cause little direct loss in strengtii or stiffness, but they afford excellent 
breeding grounds for fungi and thus may foster decay. 

PRESERVATION 

207. The Need of Preservation.- Statistics compiled by the Forest 
Service f show that the average life in years of ludrt^atixl structural tim¬ 
bers ill the United States is approximately as follows: Mine props, 
3; piles, 3i ; ties, 7; posts, 8; liiiid)er subject to decay, 8; poles, 13; and 
shingles, 18. Alliiough statistics are not given, it is pi’obable that l)etween 
seventeen and twi'id.y billion board feet of structural timV)er are used 
anmially for replacements. Weiss estimates that the. amount of tiiidier 
cut for such purposes could be decreased annually l)y nearly seven billion 
board feet, if proper preservative methods were practiced. This would 
effect a net saving of not far fiom a hundred million dollars a year. From 
a consideration of the low^ durability of wood and the gii;at cost of the 
quantity required for replaeements, the need of practiiang comparatively 
inexpensive methods of preservation becomes evident. Furthermore, the 
proper use of efficient protect!v(*s would lead to the planting of more 
rapidly grow ing trees, the more effei-tive utilization of inferior trees and top 
logs, the clearing of land occupied by fire-killed timber (since the latter 
can be effectively used if treated); in short preservation would lead to 
better forest management in general. 

In 1937 about four-fifths of the cross-tii^s, a like proportion of the poles, 

* Rci)t. of Common Uses of Wood in Proceedings of 1915. 

I See Bulletin 78. 
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and a small proportion of the piling, building, and bridge timbers annually 
used in the United States were given a preservative treatment. The entire 
amount of timber treated in this country in a year is approximately 200,- 
000,000 cubic feet. To treat this amount of wood about 150,000,000 
gallons of creosote, 20,000,000 gallons of petroleum, about 4,000,000 
pounds of zinc chloride, and a million pounds of various salts are 
consumed. 

20B. The Relations of Structure to the Penetrance of Preservatives.— 

Structure plays a very important role in determining the ease with which 
preservatives may be forced into wood and also in fixing the quantity 
injected. In most woods the sapwood is more easily impregnated and 
absorbs more preservative than the heartwood. However, in hemlock, 
alpine fir, and white spruce the sapwood is scarcely less resistant to pene¬ 
tration than the heartwood. Bark is nearly impenetrable and should 
always be completely removed from timber which is to be treated. The 
comparative resistance of the heart and sapwood should be considered in 
forming timbers which are to he treated. In the diffuse-porous woods and 
in those conifers which show little demarkation between spring and sum¬ 
mer wood, the ay)Sorption of preservative is more uniform than in the ring- 
porous hardwoods or the hard pines. In the ring-porous woods most of 
the preservative will run into the spring wood, whereas in longleaf pine 
the greater part will be found in the dense summer wood. Owing to the 
difference in the absorption of preservative by the spring and summer 
wood of the hard pines, a minimum limit on the number of rings per inch 
is often placed in specifications. Tlie purpose of this restriction on rate 
of growth is to prevent wide variations in the distribution of the pre¬ 
servative. 

Within a given species it is likely that the absorption of preservative 
varies inversely as the density of the wood, but no such relation exists 
between timbers of different species. Thus, red oak and hard pine, which 
are comparatively heavy woods, absorb much more preservative than the 
light white spruce. 

Since nearly all of the preservative is held in the cell cavities and only a 
small proportion permeates the cell walls, it follows that any condition 
"which causes a plugging of these cells will interfere with the injection of 
preservatives. Such conditions are effected in many woods by tyloses 
(Art. 197, 198 and 199). If such woods are treated, the preservative l i 
likely to be very non-uniformly distributed. 

In coniferous wood the resin-ducts, if unclogged by resin or growths, 
serve as canals for the rapid passage of preservatives. It is probable 
that the great absorption of the dense summer wood of the hard pines is 
due to the fact that it contains these ducts. Nearly all of the pines also 
possess radial resin-ducts which materially assist in the radial penetration 
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of preservatives. Radial ducts are lacking in the larcheSi hemlocks, 
firs and spruces; and it is much more difficult to secure a deep radial 
penetration in them than in the pines. 

In some woods it is probable that the radial transmission of preserva¬ 
tives is affected through pit membranes in the cell walls. Tiemann and 
Weiss claim that slits which are opened in the cell walls during seasoning 
are another possible avenue of transmission. 

Besides these physical cliaracteristics of the w'ood structure, the chem¬ 
ical composition of the cell walls probably has an important influence on 
the absorption of preservatives. 

Among the woods which are most readily injected with preservatives 
are longleaf pine, shortloaf pine, Western yellow pine, lodgepoie pine, lob¬ 
lolly pine, red birch, while elm, red elm, soft maple, beech and red oak. 
White oak, alpine fir, Douglas fir, tamarack ami while spruce are treated 
with difficulty. In this connection it should be recognized that the form 
of the timber often plays an important part in determining the penetra¬ 
tion of preservation. For example, a Douglas fir pole can be eiusily im¬ 
pregnated with preservative bef^ause of its sapAood envtdope. On the 
other hand, a large dimension timber of this sjx'cies having considerable 
exposed heartwood w^ould be treated with much difficulty on account of 
the resistance of the Iniartwood to penetration. 

209. The Treatment of Timber before Preservation.—Timber is best 
cut in the fall or winter to avoid fungus or insect attack and to prevent 
checking produced by too rapid drying. Bark should be promptly removed 
from logs to prevent insect and fungus attack. Such procedure also renders 
the timber more pi^rmeable to preservatives. Too rapid seasoning after 
bark removal should be avoided, since it causes case hardening and thus 
increases resistance to penetration of preservatives. 

Penetration of preservatives into woods lacking optm radial ducts like 
fir, larch, maple, and birch is materially improved by incising timbers 
by toothed rolls to a depth of a half to three-fourths of an inch. The use 
of this treatment is growing rapidly. 

It is desirable that all timber which is to be treated be thoroughly 
seasoned in order that the ixmetration of preservatives may be facilitated. 
W^ith the exception of air-seasoning, exposure to saturated steam is the 
most-used conditioning process for timber which is to be preserved. Under 
this process the timber is placed in a large treating cylinder and subjected 
to live steam at a pressure of 20 to 40 lb. per square inch for two to ten 
hours, the time being dependent on the size and character of the timber. 
A vacuum of about 25 in. is then applied for thirty minutes to two hours, 
after which the timber is treated with preservative. This process is a 
preliminary stage in several of the common methods of treatment. With a 
few creoBoting processes, seasoning is accomplished by running the timber 
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into a cylinripr and soaking it in creosote. The oil is gradually heated until 
tlje teiTiporat Ui-e is raised above thf‘ boiling-point of water. This causes the 
latter to vaf)orize. The vapor is drawn off and condensed to free it of oil. 
After the moisture in wood has been sufficiently reduced, the cylinder is filled 
full of preservative and pressure is applied until impregnation is completed, 

SuPEKFiciAL Treatments 

210. Conditions for Use of Superficial Treatments. —There are three 
inexpensive iiu'thods of treating the surface of timber to protect it against 
decay and insects. These methods are of value when the amount of 
timber to l)e treated is too small to warrant the erection of a treating 
plant; when it is impracticable to haul the timber to the work from a 
plant; or when it is necessary to do the work at a minimum cost. Since 
the value of every one of them is based upon the maintenanc (5 of an un¬ 
broken film which will resist the attack of fungi, it is very necessary that 
the timber shall be thoroughly air-seasoned before treating. If the timber 
is only partially seasoned or green when treated, it Ls likely to check sub¬ 
sequently anil thus i)roduce passage ways for insects and myoelia. 

211. Brush Treatments. —Probably the most-used superficial treat¬ 
ments are those in which a liquid is applied to the surface of the timber 
by means of a brush. Creosote, paint, oil, and whitewash are among the 
liquids used for the purpose. Creosote should be heated to about 2(X)° F. 
before applying to the wood, since heating considerably decreases the 
viscosity of the nil and thereby aids in securing j.)enctration of the prciserv- 
ative. Creat pains should be taken to thoroughly coat all defects and 
fill checks, shakes and joints. This method of treatment has been used 
considerably for the preservation of mine timbers, poles and posts. It is 
well adapted to use on farms. 

212. Dipping. —By dipping the timber into the preservative and 
allowing it to soak for a few minutes, it is possible to secure a more com¬ 
plete coating of the defects than is gotten by brush treatments. The 
process requires the use of a large tank for holding the timber and neces¬ 
sitates a somewhat greater use of preservative, but the labor cost is less 
than in the brush process. It can be very effectively used for butt treat¬ 
ments on fence posts and poles. When used for this purpose the preserv¬ 
ative should cover the pole for at least a foot above the ground line. 

213. Charring. —A very old and inexpensive method for protecting 
wood consists in charring the outer fibers of the timbers by fire. This 
process produces an envelope of charcoal which, being devoid of food ele¬ 
ments, is not attacked by fungi. If the strength of the pieces treated is 
of great importance this process is detrimental, because it destroys the 
outer fibers and injures those immediately beneath. It has been used 
for treating the butts of posts and poles, but is not very efficacious. 



PRESERVATION 


189 


Non-pressitre Processes of Impregnation 

214. The Value of Non-pressure Processes.—In the non-pressure 

processes the preservative is drawn into the wood l)y al)sorption or it is 
forced in by atmospheric pressure. By tliese processes it is‘not possible 
to secure as uniform and deep penetrations as with the pressure methods, 
but with woods like loblolly pine, shortleaf pine, led cedar and beech, they 
can be successfully used. Tlu^se processes require a lojijiiier time for treat¬ 
ment than the prCwSsure processes. On the other hand, since they use no 
heavy treating cylinder with its expemsive equipment, tliey afford cheap 
and effective means of preserving small quantities of poles, mine timbers 
and ties, provided the wood is easily impregnated. ^Ihe nu‘lhod is also 
of value when salts which would attack iron trc'ating cylinders are used. 

215. Open-tank Process.—In this tieatiiicnt the timber is placed 

in a tank and covered Avith the preservative. lu‘ idiarge is then heated 
to a temperature just alxjve the l)oiling point f)f wiiter. "hViis serves to 
expel a consideraljle proportion of air and inoistm e fiom the cells in the 
wood. After soaking at this tenqxrature for an hour or two the timber 
may l)e allowed to cool Avith the liquid, or it may be ti ansferred to a cold 
tank where it is kept for another hour or moiu^ depending on how deep a 
penetration is wanted. As the wood cools a vacuum is formed in the 
outer cidls and the preservative is injc'cted by atmospluah’ pressure. Some¬ 
times, when a deep |M‘netration is desired with a minimum ('xjx'nditure of 
yxeservative, thetini})ei’ is drawn from the cooling taidv befoi‘e it has (‘iitirely 
cooled. As the interior of the stick gradually (a)ols vacuums are formed 
Avhich are filled l)y the excess fluid held in the outer tadls. ^ 

The process may be used with crec»si)te, zinc chloride, or crude oil. 
However, if the wood is boiled in the zinc chloride solution, its strength is 
likely to be impaired. 

216. Kyanizing. —In this process the tindjer, Avhich must be thoroughly 
seasoned, is immersed in a 1 j)er cent solution of Inchloride of mercury 
for a number of days. Th(‘ time of treatment is dependent upon the 
thickness of the pieces and th(‘ depth of penetration desired. Ordinarily 
the time in days is efpial to the thiekm*ss of the timber in inches plus 
one, and the depth of penetration does not exceed a quarter of an inch. 
Owing to the poisonous character of the salt great care must be exer¬ 
cised during the treatment of the timber; and the treated lumljer should 
not be used where it is likely to bn licked by animals. 

As a means of preserving timber used in dry locations, this process 
ranks high; but on account of the poisonous nat ure of the salt, the long¬ 
time required for the process, and the solubility of the salt in water, it 
has not been widely used in this country. 
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Pressure Processes of Impregnation 

217. Field of Use. —In ^^eiieraJ the pressure processes are the most 
satisfactory methods of treating large amounts of timber. Furthermore, 
these methods are the only ones which can be successfully used to impreg¬ 
nate many kinds of wood, such as hemlock, Douglas fir and l edwood. 

21B. Bethell or Full-cell Process. —^The timber for treatment is placed 
on small cars and carried into horizontal steel cylinders which are ordinarily 
about 130 ft. long by 7 ft. in diameter. A vacuum is drawn to remove air 
from the cylinder and from the wood. Coal-tar creosote oil, heated to 
proper temperature, is then admitted to the cylinder and forced into the 
timber by a pressure of 100 to 180 lb. per sciuare inch. The pressure 
is maintained until the oil gages show the required impregnation. Then 
the oil is blown out of the cylinder into reservoirs, and the timber, after 
dripping for a few moments, is removed. In some plants dripping is 
accelerated by drawing a vacuum just l)efore removing the timber. The 
process is much used both in this country and abroad. It is especially 
valuable for wood-block and piling where a heavy impregnatitm of oil 
is imperative. On account of the large expenditure of oil, 10 to 20 lb. 
per cubic fot)t, the process is very costly. The cost of treating cross-ties 
by it ortliiiarily runs between 75 cents and one dollar each. 

219. Burnettizing.—This proctiss is performed in the same manner 
as the Iletliell pro(*ess, l)ut differs in the jireservative. An aqueous solution 
containing from 2 to 5 pt'i* cent of zinc chloride is used and about | lb. 
of salt per cubic foot is the avc'rage impregnation in the process. Owing 
to the solubility of zinc chloride in water, the process is not suited to 
treating timbers which are to l)e placed in damp locations. It is a very 
inexpensive process costing about one-third as much as the full-cell treat¬ 
ment. Burnettizing has bt‘en successfully used to treat ties and lumber 
both in the United States and in Europe. 

220. The Boiling Process. —In this process either green or seasoned 
timber is given a conditioning treatment in creosote oil (see Art. 209) 
before impregnation with creosote. After the oil conditioning the 
remainder of the process is much like the Bethell method. The boiling 
method is used principally in preserving Douglas fir. Tests indicate that 
it may injure the strength of this wood. (Art. 243.) 

221. The Rueping Process. —One of the most important processes 
both here and abroad is the Rueping empty-cell process with creosote. 
Air-seasoned timber is preferred, although steam-treated material can be 
used. After placement in the treating cylinder, the cells of the wood are 
^lled with compressed air which is admitted under a pressure of about 
75 lb. per square inch. Oil is then admitted at a slightly higher pressure 
until the wood has been immersed, when the pressure is raised to 150 Ih 
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per square inch or more. After the proper amount of oil has been injectedp 
the creosote is forced out of the c^dinder and the pressure released. As the 
pressure is withdrawn the compressed air within the wood expels the excess 
oil into the cylinder. It is thus possible to secure a deep penetration and to 
coat the cell walls with 5 to 7 lb. of oil per cubic font of w'ood. Treatments 
by this process cost about two-thirds as much as the full-cell methods. 

222. The Lowry Process.—This process, like the RuepinK, is planned 
to secure a deep penetration of oil with a small absorption. Air-dry 
timber is run into the cylinder and subiiiergeil in creosote oil at a temper¬ 
ature of about 200° F. Pressure is then apidied, and the temperature 
and pressure are regulated until the timber has been filled with oil. After 
withdrawal of the oil a vacuum is drawn until the surplus oil in the wood 
cells has been removed. When the excess oil has been removed from the 
cylinder, the timber is takem out. The jn-ocess is somewdiat more expen¬ 
sive than the Rueping process but less costly than the full-cell. It is 
considerably used in the United States for treating ernss-ties. 

223. The CEird Process.—Owing to the high cost of creosote oil and the 
solubility of zinc chloride neither of these preservatives lias been univer¬ 
sally adopted. The aim of the Card process is to lessen these objectionable 
features by using a mixture of 15 to 20 per cent of creosote with a 3 to 5 
per cent solution of zinc chloiide. In operating the process, air-seasoned 
timber is run into the treating cylinder and given a vacuum trt^atment 
for about an hour. It is next immersed in the piivsi'rvative at a tem¬ 
perature of aliout 180° F. A pressurt^ of approximately 125 lb. per square 
inch is then applied for several hours. During this iieriod the mixture of 
oil and zinc chloride is stirrer! continuously by a eentrifugal pump to 
prr^vent separation of the r^omponemts. After impn'gnation has been 
finished, the presruvative is drained from llie cylinder, and a vacuum 
drawn to remove surplus firesra-vatives from the wood cells. By the 
Card method approximately as much zinc chloride is injected as in Bur- 
nettizing together with aliout 3 to 5 111. of creosote per cubic foot. The 
process costs about one half as much as the Bethell process and has 
found favor in this country for the treatment of cross-ties. 

Preservatives and the Efficiency of Preservation 

224. Preservatives.—Inasmuch as fungi cannot thrive without mois¬ 
ture, waterproofing of seasoned wood will render it resistant to attack. 
Crude oil, paint and stains are the common preservatives of this class. 
A far surer treatment is effected, however, by preservatives which poison 
the food supply of fungi and insects. The creosote oils and the inorganic 
salts,—zinc chloride, mercuric chloride and copper sulphate,—are mem¬ 
bers of the latter class. 

The term crude oil includes three classes, (1) oil with a paraffin base, 
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(2) nil with an asphaltic base, and (3) the product which is left after the 
lighter oils are distilled from crude oil called residuum. These oils are 
all lighter than water but penetrate coniferous wood less readily than 
creosote. For successful treatment with them, the timber must be fully 
impregnated, thus rendering it heavy and likely to drip. The cost of 
sufficient oil tfo treat a cubic foot of timber runs from 3 to 7 cents. Crude 
oil is used y)ut little in the United States. 

Most of the paints used to protect wood consist of linseed oil, turpentine 
and some inorganic coloring material. Although fungi wall not atta(;k a 
painted surface, most paint cannot be classed as an effective preservative 
when the wood is in (cont act with the soil, since it is somewdiat porous and 
permits the i)assage of moisture. Stains having a creosote base with a 
vegetable or mineral-oil body are poisonous to fungi. They also peiie- 
trai-e further into the wood than do the j)aints, but are more volatile. 

(vieosote oils of three varieties are used in wood preservation; coal- 
tar creosote, water-gas-tar creosote, and wood-tar creosote. They are 
all tar distillates and are very })oisonous to fungi and insects. However, 
the volatile naturt^ of tlie lighter fractions of these oils, their pungent od()r 
and the fact that they increase the inflammability of wmod render them 
unsatisfactory for some purposes. Creosote is also an exjxuisive preserva¬ 
tive; the cost ranges from 5 to 15 cents per cubits foot of treated wu)od, 
dcpi^nding on thc^ price of oil and the proc(\ss us(‘d. Nt'vertheless, in spite 
of these oV)jectional)Ie features approximately two-thirds of the timber 
annually treated in the Uiuted States is impregnatial wit h coal-tar creosote. 

Uoal-tar creosote is a complex oil resvdling from a doul)li^ distillation of 
ta)al. In the first ilist illation the products are coke, gas, and tar. If the 
tar is again distilled three classes of compounds are fornuMl—pitch, oils 
lighter tlian water, and oils heavier than w^ater. The latter are the creo¬ 
sotes. They consist jvrincipally t)f phenols, naphthalene and anthractme. 
Tests made at the Forest rroducts Laboratory show that from 0.2 to 0.4 
per cent of this oil in a culture medium is sufficient to kill fungi. For 
methods of sampling and analyzing creosote oil, see current A.&.T.M. 
Standarfh. 

Water-gas tar is a by-product from the manufacture of water gas. By 
passing steam through red-hot coke or coal it is decomposed and hydrti 
gen, carbon monoxide, carbon dioxide, and methane are formed. These 
gases are then passed thi’ongh a heated carburetter into which a spray of 
crude petroleum is sinudtaneouvsly admitted. Gas and tar are thus twolved. 
By distillation tlu' tar is separateil into thr('e com[)niumts, oils lighter than 
water, pitch, and the creosote oils wdiich are heavier than water. Very 
little water-gas tar creosote is used as such for preservative purposes, but 
it is sometimes u.sed as an adulterant of coal-tar creosote. It is probably 
no more volatile than the coal-tar product, but IS less deadly to fungi. 
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Wood-tar creosote is derived from treble distillation of resinous woods. 
Owing to the expense of this oil its use has been largel}^ confined to the 
manufacture of stains and patented coatings. 

The inorganic salts whi(*h are used for wood preservation, are all highly^ 
toxic to fungi. They are also non-volatile and odorless. Furthermore, 
timber into which these salts are injected can be covered with paint, 
whereas creosoted timber is coated with great difficulty. On tlie other 
hand, these salts are soluble in water and are likely to leach out of the 
timber if it is exposed to moisture. 

Zinc chloride is the most important of the inorganic salts. It is equal 
in toxicity to coal-tar creosote luit corrodes the iron-treating cylinders to a 
slight extent. It is a vtny cheap preservative costing about 5 cents a 
pound or 2 to 3 cents per cubic foot of treateil timber. Al)Out one-fourth 
of the timber treated in this country is injtHded with zinc chloride. 

Mercuric chloride is the most toxic preservative and on this account 
is often a menace to th(' users of the treated timl)er. It is h\ss soluble in 
water than zinc chloride })ut much iiioi-e corrosive to iron. From records 
it appears to confer a somewhat longer life on treated timber. The cost 
of mercuric chlorid(‘ jku’ cubic, foot of treated timber is about the same as 
that of zinc chloride. 

Copper sulphates is a preservative of high toxicity, but readily leaches 
from the timijer. Tt is fairly ch(*ap ami appears to be about as efficient 
a preservativf' as zinc chloride. The (l(q)th of penetration is readily 
determined l)y tlu; blue slain which the liquid imparts tu the wood. Since 
it attacks iron with gr(*at vigor, it cannot In' used Avitli the ordinary treat¬ 
ing apjjaratus. The largt'st use of ihi.s pr('servative is maile in bVaiict'. 

225. Economy in Preservation.—Fconomy is etTei'ted by j)reseTvative 
treatment wlieii('V(‘r t he anmial cliarge against the treated timljer is less than 
tht‘. annual charge against any untreated timber (or other material), which 
would serve the i)urpose. To illustratt' the economy of timber preserva¬ 
tion, examples applying to Table 1 and Fig. 5 are included. 

TABLE 1.^ESTIMATE]) LIFE OF lliEATED AND UNTllEA^IED 
CROSS-lIt:S IN YEARS 
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Fiq. 5. 

Thn [\stlmjited livos of tins given in this tabic were largely prepared from data 
furnished by Mr. C. H. Teesdale, of the Forest Service. The formula of Fig. 5 gives 
the amount which must be invested each year at a given rate of compound interest to 
provide a sum which, when the tie or other unit is worn out, will equal the first cost of 
the tie plus the interest charges. 


Exaniph: A Indgepole pine tie costs approximately one dollar. The 10 Ib./cu. ft. 
creosote treatment costs about 80 cents per tie and the i Ib./cu. ft. zinc chloride treat¬ 


ment may cost 20 cents ])or tie. 

(tt) Untreated: Cost of tie and placement. $1.50 

Table 1 , approximate life. 4 years 

Fig. 5, annual charge per unit. 0.28 

Theref ore annual charge is. $1.50 X0.28 = $0.42 

(h) Treated with lOlb./cii. ft. creosote: 

Cost of tie and placement. $1.50 

Cost of treatment. 0.80 

Total cost. $2.30 

Table 1 , approximate life. 15 years 

Fig. 5, annual charge piT unit. 0.10 

Therefore annual charge is. $2.30X0.10= $0.23 

(r) Treattxl with ^ Ib./cu. ft. zinc chloride: 

Cost of tie and placement. 50 

Cost of treatment. 20 

Total cost. $1.70 

Table 1 , approximate life. H years 

Fig. 5, annual charge*, per unit. 0.128 

Therefore annual charge is. $1.70X0.128= $0.22 


These examples demonstrate the method of computing the annual charge and empha¬ 
size the great saving accomplished by preservation of non-durable timbers. 




















CHAPTER VI 


THE MECHANICAL PROPERTIES OF TIMBER 

226. Introduction.—In order that tlio engineer inaj^ properly desigr 
columns and beams for various parts of wooden structures, he must be 
thoroughly conversant with the strength and stiflfness of the available 
classes of timber. He must also know how various defects aTui conditions 
influence these properties. The architect must not only api^reeiate the 
beauty of the various species, the relative ease with wiiich each may be 
worked, the tendency to shrink, w^arp and check; but he must likewise 
be prepared to proportion joists and rafters to carry the imposed loads 
without excessive deflection. The wheehvright must understand how 
the toughness and strength of his axles, spokes, and shafis are influenced 
by species, rate of growth, density, and defects. The carpenter and the 
craftsman must also have knowlc^dge of the mechanical properties of wood 
in order that they may w^ork it to best advantage. 

Furthermore, wmod of a given species is extremely variable. Trees 
differ markedly in their rate of growth, due to climatic conditions, the 
density of the surrounding forest, the character of the soil and the physi¬ 
ography of the region in which they grow. These conditions of growth, 
the position in the tree, the amount of moisture and the defects all influ¬ 
ence the mechanical propei ti(\s of a piece of timber of a given species. 

Recognizing the importance of a knowledge of tlie properties of wood 
and the factors influencing them. Dr. B. E. I'ernow, chief of the Forestry 
Division of the V. S. Agricultural Department, inaugurated a series ol 
timber tests in 1891. In the beginning, the microscopic and physical 
tests were conducted at Washington and the mechanical tests were made 
by J. B. Johnson, at Washington University, St. Louis. Later the mechan¬ 
ical tests were distributed among a number of technical lal)oratories in 
various parts of the country. In 1909 the major TK)rti[)n of the work done 
at the various laboratories was transferred to the I'oresL Products Labora¬ 
tory * at Madison, Wis. 

Mechanical tests of timber are only a portion of the work carried on 
at this laboratory. Studies of the physical and chemical properties, the 
microscopic structure, the methods of preservation of wood, and the utili¬ 
zation of w^ood products are among the other more important lines of 
investigation being conducted by this institution. 

* This laboratory is run by the U. S. Government in cooperation with the University 
of Wisconsin. 
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On account of the broad scope of these investigations, the great pains 
which are taken to identify species, to select properly both specimens and 
trees, and on account of the care taken to eliminate variables in t(\sting, the 
results obtained are of ve:ry great value. Most of th(^ data in this chapter 
are taken from publications of this laboratory. The Wood Handbook pre¬ 
pared by the laboratory contains much additional valuable information. 

The mechanical ti\sts which are most commonly made at the Forest 
Products Laboratoiy are: compression, shear, both static and impact 
bending, tension, hardness, and cleavage. Observations are also made 
on the number of rings per inch, percentage of summer w^ood, percentage of 
moisture, dcaisity, and shrinkage. The more important conditions pertain¬ 
ing to the methoils of testing wood considered in Ch. Ill are supplementtul, 
w^hen lu'xessnry, in the discussions on mechanical properties which follow. 


THE STRENGTH OF WOOD 

227. Compressive Strength.- When wood is subjected to compress¬ 
ive forces acting parallel to the axis of growth (paralhd to the grain), it 
is, in proportion to its weight, one of the strongest of structural materials. 
Columns and posts are, therefore, often fashioned of it. Inasmuch as 
the strength of such a member is a function of the compressive strength 
and the slenderness ratio, information concerning the former is of much 
importance. Furthermore, a knowledge of the compressive strength is 
of value in estimating strength in bending, since experiments have dem¬ 
onstrated that the yield point of a wooden beam is determined by the 
compressive strength of the wood. The compression test is not, however, 
as effective in demonstrating the weakening influences of defects as the 
cross-l)ending tt'st. 

When wood is subjected to comprevssiori parallel to the grain it may 
fail through collapsing of the v.vW walls or through lateral bending of the 
cells and fibers. In most of the conifers where the cells (tracheids) have 
thin w alls, failure begins at pits in the walls of one of these cells and grad¬ 
ually causes a collapse of the entire cell. The plane of rupture is generally 
inclined al)out flO° to 75° with the axis of the cell. From the inclination of 
the plane of failure it appears probable that final collapse is due to the 
weakness of the cell w^all in transverse shear. Adjacent cells are over¬ 
stressed by the failure of the individual cell and a wrinkling of the surface, 
showing the progress of the breakdown throughout the si^ecimen, becomes 
visible. In wet wood and in the hardwoods, wdiich are composed of 
thick-walled fibers and vessels, incipient failure is due to bending of the 
individual fillers. (Iccasionally after the wrinkling begins, the specimen 
is separated into groups of fibers by longitiulinal cracks. This condition 
is brought about by splitting of the fibers and not by failure of the bond 
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between fibers.* It will l)e generally noted that the line of failure cn 
tangential surfaces of the specimen is inclined as previously stated; but 
on radial surfaces it is approximately normal to the axis of the test-piece. 
The direction in the latter case is much influenced by the medullary rays. 
In cross-grained pieces the failure is likely to take place through shear 
parallel to the grain. 

The strength of timber compressed across the grain is brought into 
play wherever a concentrated load is imposed on a beam. Since the 
compressive strength across the grain is only a small fraction of the com¬ 
pressive strength parallel to the grain, projx'r allowance for this discrep¬ 
ancy must be made in designing columns resting on ^vooden beams or the 
column must be provided with a footing, to distribute the prestaire. 

Tests on compression across the grain are often made with the pres¬ 
sure distriVnited over only part of one of the loaded surfaces. Thus for 
tests on small specimens at the Forest Products I/iboratory, a 2X2X6-in. 
block is used and loads are applied over the lower 2Xr)-in. surface and 
the middle third of the upper surface. Although su(*h procedure does not 
give the true cross-grained compressive strengt h, it more nearly approatdies 
the loading condition ordinarily met in a structure. In such tests, as the 
load is increased, the upjx;r l)eariiig closes the cell cavities immediately 
beneath it and gradually indents the surface. Ih^am action in the upper 
fibens often produces splitting in planes perpendicular to the line of pres¬ 
sure, but theni is no well-marked failure. 

Strictly speaking, timber does not have a well-defined elastic limit, 
since it takes set after the imposition of low loads. Nevertheless, the 
initial portion of the stress-deformation curve is approximately straight 
and it has become custoniMry to record the stress corresponding to the 
limit of proportionality as the ( lastie limit. This is the only value of 
importance in tests across the grain. 

Values of the compressive strengths of 2X2-in. prisms of Sf) woods in 
green eonditioii appear in Table 1. In Table 2, sijnilarvalues maybe found 
for larger sizes of the common structural timV)ers whim air-seasoned. Table 
3 sliows the relation of air-seasoned to green material. Amioig the species 
having greatest compressive strength parallel to the grain we note locust, 
blue gum, hickory, white or green ash, walnut, yew, (ailian and longleaf 
pine, and lowland Spanish oak. The strongest structural timbers are oak, 
maple, l)ald cypress, Doiiglasfir, western larch, and the southern .yellowpines. 

For most of the conifers the compressive clastic limit across the grain 
vanes between 12 and 18 per cent of the values determined for pres¬ 
sures parallel to the grain. Among the hardwoods tVie elastic limit in 
compression across the grain bears a higher ratio to the strength in com¬ 
pression parallel to the grain, the ratio being about 25 per cent for severe.! 

* Record, A/ec/iamca! VnyperlieR of Wood, j). 15. (Out of print.) 



TABLE 1.—RESULTS OF TESTS ON 85 SPECIES OF WOOD TESTED IN A GREEN CONDITION IN THE FORM OF 

SMALL CLEAR PIECES 

From Bulletin No.'556 U. S. Dept, of Agriculture 

[Test specimena are 2 by 2 inches in section. Bending specimens are cut .30 inches long; others are shorter, depending on kind of test.] 
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TABLE 2—AVERAGE STRENGTH VALUES FOR COMPRESSION PARALLEL 
TO GRAIN, C:0MPRESS10N PERPENDICULAR TO GRAIN, AND SHEAR¬ 
ING TESTS ON AIR-SEASONED MATERIAL OF DIFI'ERENT SIZES 

[Bull. lOS, Furcsl Siirvicn.) 



Cumprcs.siuii piLnillel (o Krtiiii. 

Compression prTpeu iJii;ular 
to grain. 

Shear. 

SpecicB. 

c 

B 

'o 

"o 

o 

N 

7. 

f 

P 

'o 

..J: 

fl= 

1 M K 2 

II: 

liP.k 

u 

(Li 

' a 

II 

*0 o 

|l.s 

1 ^, 

= E'“ 

2 cr 

i: £ 

III 

ffi 

& 

a 

nr? 

cJ 

U1 

bC 

X 

w 

Cj 

“o 

CJ 

.s 

s 

p 

x 

cj 

P 

'o 

llJ 

^ c 

a! ^ r 
Mt7 c 

-C ^ L- 

ff. ^ OJ 

= rt e. 

U 

1 

£ 

1 

p 

X 

0 ; 

b 

P 

j/j 

-cjd 
bi cl 

c-- 

£ 2i 

CCJ 

C M 

m 


111 . 


P. V.L. 

Lb. 

1000 lb. 

J.b- 

In. 

In. 


P. Ut. 

Lb. 


P. l;t. 

Lb. 

Longieu/ piiio. . . 

‘1 xry 

ii; 

20 .4 

44S0 


4S00 

1 X5 

4 

22 

25.1 

572 

52 

20.2 

084 


nx(i 

2X2 

2 .01) 

20 .4 

4271 

] 04 S 

425S 

5002 

IXH 

1 X8 

10 

10 

•14 

42 

20 K 

742 

584 

105 

‘)i) 1 

822 


247 

IS.7 

4H42 

10S4 

18.1 










X4 

8 

51 

20.2 

048 











X4 

0 

40 

24.0 

014 











X4 

4 

20 

21. S 

fi04 





0 XI. 

2 !) 

15.7 

1070 

1051 

0040 

X5 

Hi 

4 

17.8 

725 

85 


145 

Bhurtlunl iiiiiu.. . 

2 X2 

ri7 

14.2 



I14S0 

X5 

14 

3 

1 0.4 

757 











^X5 

12 

r$ 

15.1 

740 











') X5 

8 

0 

14 0 

01 S 











2 X2 

2 

57 

14.0 

020 





n xii 

1 12 

11 ). 0 



5115 

sxo 

10 

17 

1 S. 8 

4 01 

104 

15.0 

005 

Wustoru iiiri'li.. . 

‘1 XI 

SI 

14.7 



0101 

X(i 

X4 

12 

S 

1 s 

17 Ii 

520 




2 X2 

2711 

14 . S 



5044 

22 

14.4 

72.5 




Loblolly piiiu .. . 

fi X' (1 

24 


4457 

11.04 

5005 

X5 

Hi 

12 

10. S 

li02 

1 50 

11.4 

1115 


r. X 

ID 

22.1 

2217 

545 

2050 

>X5 

8 

7 

22.0 

070 





•4 X.S 

s 

111 . 1 

4010 

Ii44 

4020 

1 X5 

S 

s 

1 0.5 

715 





2 X2 

ll!l 

4 




5547 









Tamarui'.k. . 

i;x7 
4 X7 

15.7 


1042 

4424 : 

iX2 

2 

57 

10.2 

Ii07 


00 

14.0 

807 


4 

14.(i 

47MI 

1401 

IS 24 




4X4 

”*7 

14 .!• 

44Sli 

1454 

1440 










2 X2 

lit) 

M . Ii 



1700 









WnatPiii bi'inliii k 

n xc. 

1(12 

IS.Ii 

4S-10 

2140 

5SI4 i 

rxo 

15 

‘•5 

18.2 

514 

141 

17.7 

924 


2 X2 

41)4 

17.0 

451)0 

1024 

5404 ( 

iXO 

0 

20 

1 0 s 

441 











1 X4 

4 

0 

15.0 

488 




Redwood. 

(i Xll 

IS 

1 (1.0 



4270 

< Xli 

i Xli 

1 Ii 

r 

25. 1 

548 

010 

05 

12.4 

071 


2 X2 

114 

14.0 



5110 1 

12 

0 

11.7 









r xo 

0 

5 

11.8 

500 











\ XO 

11 

2 

12 Ii 

470 











2 Xli 

12 

2 

1 0.2 

lOS 











2 X0 

in 

4 

1 1 . 4 

51 1 











2 X0 

s 

2 

14,2 

420 











2 X2 

2 

115 

14.8 

504 




Norway pine. . , 

r.X7 

4 

15.2 

21)70 

1182 

4212 : 

2 X2 

2 

40 

10.0 

024 

41 

11.01 

[145 


-1 X7 

o 

22 2 

4275 

1724 

4575 










4 X-1 

.')") 

IC) I) 

40 IS 

14(;7 

4217 










2 X2 

44 

112 



7550 

























THE STRENGTH OF WOOD 


199 


TABLE 3 —RATIOS OF AVERAGE STRENG TH VALLES FOR AIR-SEASONED 
MATERIALTO I hose 1'or (.iREEN material.* (RuI/. 108, Fornst Service) 
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of tho varietios of liickory and oak and rnaoliinf;: 55 por c(‘nl for I’arific 
post oak. 

With tho exception of lon| 2 ;loaf pine sjifu'imons, which judging from 
their moisturi' contiait must have been pi-otty grf;en, tho air-soasoned 
structural timljors of every spocie.s wore stronger in compression than the 
green timbers (see Art. 241). 

228. Tensile Strength of Wood. —AVhon a proporlj^ shaped wooden 
stick is subjected to tonsih' forces acting parallel to the grain it is found 
to have greater strength than can be developed under any other kind of 
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stress. Indeed, the tensile strength of wood parallel to the gnain is so 
great that much difficulty is encountered in designing end connections so 
that the tensile strength of a piece can be developed. Therefore, wood 
tension members are rarely used. Mort'over, since the tensile strength 
parallel to the grain is two to four times the compressive strength, the 
latt(‘r governs the strength of beams. Therefore the tensile strength with 
the grain is rarrdy tested. 

The tensih^ strength parallel to the grain is influenced to some extent 
by the nature of the wood elements and their arrangement, but principally 
by the straightness of the grain and tlie thickness of the walls of the 
longitudinal eltanents. When failure occurs thesi* elements are ruptured 

transversidy. Knots grtnitly reduce the 
tensile strength parallel to the grain and 
are a great menace to strength w hen pres¬ 
ent in timbers subji'cted to such stresses 
(sec Art. 240). The ttuisile strtaigth 
appears to b(‘ hiss affectiid by moisture 
than are other mechanical properties. 

Across tlui grain, thi* tensile stnuigth 
of wood is small, lb is a property 
closely related to cleaval)ility, and it 
often d(‘termiues Ihti strength of abeam 
wdiicli has cross-grain or spiral-grain in 
the tension fibers. T^'ailure in tension 
across the grain occurs through separa¬ 
tion of Ihe cells and fihc'rs in longitmh- 
nal planes. Knots, shakes, and checks 
all reduce the tensih‘ strength of wood 
across thii grain. The form of sptrimen 
us(m 1 by the P'oi est Products Laboratory 
in making tln^ test is shown in Fig. 1. 

Data in Ci}T\ilar No. 213 of U. S. 
Forest Service show^ that the tensile 
strength of wood across a radiid plane 
is less than the tensile stnuigth across a 
plane tangent to the rings. This differ¬ 
ence is especially pronounced in the oaks 
and other hardwa)nds having large ineilul- 
lary rays. It is probable, therefore, that 
these rays considerably weaken the ten¬ 
sile strength of wood across a radial plane. 

For the conifers, from which most structural timbers are secured, the 
cross-grained tensile strength of small perfect specimens of green wood 



Find Tcnsilt' Stri'iiKth of Wood 
A press Griiin. (Letts and Grpelcy 
heforp Int. Lugr. Congress, 1915.) 
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runs between 180 and 450 lb. per square inch, while for the oaks it varies 
between 500 and 1000 lb. per square inch. The smallness of these values 
must be nmiembcred in computing the safe strengths of bt'ams having 
cross-grain in the tension fibers. 

223. The Shearing Strength of Wood. —Although shearing stresses are 
often of small moment in metal beams and other structural elements, they 
are frequently of very great importance in members made of wood. Thus 





[Courtrsv Fotr.^t Prndurts rjahoratDrp.) 


Fio. 2.—Failiirr nf a Largn Wonrlen StririKer hy ITorizonliil Sliear. 

the horizontal shear stress at the neutral axis [)f a short, deep wooden beam 
may be sufficiently great to produce a failure like that of Tig. 2. If tlie 
mortise-and-tenoii joint, shown in Fig. II, is loaded so that the tenon 
presses downward upon the mortise, transverse shevar stnvsses are produced 
on the tenon; and shear stn\sses parallel to the grain are caused in th(! 
vertical piece on planes AC and Bl), In most cases failure in the tenon is 
due to f)ending rather than shear, but the pushing out of the piece A BCD 
is an example of sliear failun\ 

If the shearing stress(\s act on planes tangent to thi\ growth rings, the 
resistance of the various woods is (luite small, ranging from about 000 to 
1000 lb. per s(|uare inch for small green sfiecimens of the ^structural coni¬ 
fers and from 1000 to 1500 lb. per s()uare inch for similar pieces of oak, 
hickory, elm, maple, sycamore, beech, birch, and white ash (set' Table 1). 
Circular 213 of U. S. F. S. shows that there is little dilTertmce between the 
strengths of small pieces of green coniferous wood subjected to shearing 
parallel to the rings (tangential shear), and the strengths of like pieces 
subjected to shearing stresses acting on vertical radial planes (radial shear). 
Among the hardwoods the resistance to radial shear appears to be slightly 
the greater. In Fig. 4 are shown failures of pieces of green longleaf pine 
in radial shear (22) and in tangential shear (30). 
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Turning our attention to the results in Table 4 we find the calculated 
horizontal shear stresses developed in tests of beams of structural sizes. 

These shear stresses were computed from the formula Sn = '^ where 



= horizontal shear stress, V = maximum 
vertical shear and a = area of rectan¬ 
gular cross-section of beam. Comparing 
these results with the values for like 
woods found in Tal)le 1, we observe that 
the computed stresses for the large beams 
are much lower than the shearing 
strengths of small specimens. This dis¬ 
crepancy is due principally to defects, shakes, and checks which cut down 
the area under shear. Since the formula assumes a full cross-section, 
the results given by it will be smaller than the stresses in the net sections 
of wood. The lesson taught is to use values from the tests on large beams 
fading in shear as a basis for design. Both Table 3 and 4 show that air- 


Fid. 3.—Wood Members Subjected 
to Longitudinal Shear. 



Fig. 4.— Shear Failures Parallel to Grain in Green Longleaf Pine. Nos. 32i and 22i 
plants of shear radial, Nos. 32 and 30 plane of shear tangential to annual rings. 
(IJullttin No. 70, Forest Service.) 


seasoned coniferous timlxir is, in most eases, stronger than green timber. 
Longleaf pine and redwood are, however, exceptions to this rule. 

230. The Strength of Wood in Cross-bending.—Because of the great 
use of wood for beams, stringers, joists, rafters and other parts which are 
subject to bending, the cross-bending test is of much value in determining 
the quality of w^ood. By it one can measure the strength, toughness, and 
stifTiiqg's of the timber. Furthermore, the cross-bending test exposes 
weaknesses caused by defects better than does any other test. Unless 
very large testing machines are at hand, it is the only test which can be 
used to find the strength of timbers of structural sizes. 

It will be remcmlxTed from Mechanics of Materials that the modulus 
of rupture in cross-lx?nding is a fictitious measure of the ultimate unit 
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TABLE 4.— CALCULATED SHEARING STRESSES DEVELOPED IN 
STRUCTURAL BICAMS 

(From Bull. lOS, Forest Service) 
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stress on the extrenu' fil)er ‘at the iliui;;er see-tion. The njodulus of i iipture 

is conipviterl froiii tlu‘, formula — where the niOLhihis, ^Sm = unit 

stress on extreme til)(^r, il/m = maximum bending moment, r; = distance from 
neutral axis to c'xt rerne fiber, and /== moment of inertia of the e.ross-section 
about the neutral axis. It will be recalled that the modulus of rupture 
as determined by this foirmila is intermediate between the tensile and 
comprivssive sti’eiiftths and that it does not, therefore, truly represent the 
unit stress on the extreme fil)er. The discrepancy betwei'ii thi^ calculated 
unit stress and the actual unit stress is due to thi^ non-linear lelation of 
stress to fleformation when the (‘lastic limit is exceedtal, and also to the 
shifting of the neutral axis. The movement of the latter is brought about 
by the difference in the strevss-dcforniation relations in tension and com¬ 
pression. Although a fictitious stress, the modulus of rupture is, never¬ 
theless, a valuable index of quality of the wood. Also, if the elastic limit 
of the beam is determined, the ratio of the modulus of rupture ^ the 
unit stress on the extreme fiber at the elastic limit serves as a measure of 
the capacity of the beam to resist a momentary overload. Beams in 
which there is a well-marked difference between these stresses are prefer¬ 
able, since sucli members give ample warning of approaching failure. 
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The initial failure of long beams of uniform wood is indicated by a 
wrinkling of the overstressed compression fibers, much like the failure 
which occurs in compression prisms. Final failure of such beams is gen¬ 
erally in tension. It is accompanied by more or less snapping as the indi¬ 
vidual fibers begin to break, and a load report when the maximum load is 
reat^hed. Very dry specimens sometimes fail very suddenly in tension 
before any wrinkling of the compression fibers is noticeable. On the other 
hand, green test-pieces fail silently in compression without rupturing of 
the tensile fibers. Frecpiently, short deep beams fail by horizontal shear 
This type of failure is sudden and is more common in well-seasoned tim- 
bevrs of structural sizes than in green timbers or in small beams. Very 
often shear failures result from defects. 

Ix)iig, narrow beams must be restrained laterally and supported in such 
manner that the wide sides are vertical. If the first condition is not ful¬ 
filled, the meml)er will fail from column action in the [;ompression fibers. 
Unless the second tamdition is met the strength of the beam may be very 
seriously reduced through the inclination of the neutral axis. In laying 
joists for fl(K)ring these requirements an* satisfied by diagonal bracing 
which the carpenter calls ** l)ridging.” 

The relative strengths of the woods from various species of trees can be 
oljtained from the values of the fiber stress at elastic limit and modulus of 
ruptuie which are tabulated in Table I. It will be noted that the hard¬ 
woods as a class considerably exceed the conifers in static bending strength. 
Rlack and lu)ney locust, the hickories, lowland Spanish oak, cork elm, 
blu(^ guru, and whiti* oak ar(^ the stronger varieties of the hardwoods. 
Among the soft wootls longlcaf, Cuban and shortleaf pint's, yew, Douglas 
fir, aiul tamarack ari^ the strongest.* Longleaf pint'- avt'rages about thr' 
saints in static bending strt'iigth as maple and red oak of the hardwoods. 
The ratios of thr^ modulus of rupture to filler stress at elastic limit rangf' 
from 2.2 to 1.5 for the hardwoods and from l.S to 1.5 for the conifers. 
These ratios will be lower in beams of structural sizes becausii of 
defects. 

In Taljle 5 strength values for cross-bending tests on air-seasoned 
timbers of structural size may be found. These results show very con¬ 
clusively that the transverse strengths of small timbers are proportion- 

* Bainl)on is a \fry stroni^ wood in fross-beiiding, as the results of 8 tests by J. 
IV Johnson sh[)w. He used piei^es whieh varied in diaineler (between joints) from 
0.54 in. to 1,25 in., and in thiekiiess from 0.08 in. to 0.17 in. The spans varied from 
aliout 28 in. for the larger pieces to 8 in. for the smaller. Values of the modulus of 
ela-stieity raiif^ed from 1,900,000 to 3,020,(KX) ami averaged 2,380,000 lb. per square 
inch. The moduli of rupture varied from 10,000 to 41,1(X) and averaged 27,400 lb. 
jx^r square inch. The average elastic limit was 17,300 lb. per square inch. All com¬ 
putations were based on the properties of the annular section. The average elastic 
resilience in inch-pounds per pound of weight of specimen was 216. 
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at/cly much higher than the strengths of large timbers. These discrep¬ 
ancies, which for the tests cited amount to 50 p(T cent in a number of 
instances, are largely due to the greater uniformity of tli(‘ small test-pieces 
and their freedom from defects. Selected structural timbems in green 
state are, in gene^ral, about three-fourtiis as strong as small, clear pieces 
taken from them. 


TABLK 5.—AVEKAGJ': STRI]KCJTJ1 VALUES F()l{ AFR-SKASONEn TIMBER 

BEAAIS 

(Frniii Forest Srrvirp Bull. No. lOS) 
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Results in Table 3 show that air-seasoning is somewhat benefieial to the 
strengl h of struetural timbt^rs. It is probable that a more complete drying 
would have made the strengths of the air-seasoned timbervS still greater. 

231. The Time Element in the Loading of Timber.—Siiuje timber 
yields more rapidly under heavy loads than most materials of consLruc- 
tion, it is quitii necessary to standardizi) the rate of loading in order that 
test data may not be inHueiuied by this factor. Extensive tests by the 
Forest Service led it to adopt the following rates of unit deformation per 
minute for the testing program of the Forest Products Laboratoiy. 


Bending tests on timb(U‘ of structural size. 0.0007 

Bending t(‘sts on small beams. 0.0015 

Compression parallel to grain, large prisms. 0.0015 

Coniprt\ssion paralh‘1 to grain, small prisms. 0.0030 

Shearing along the grain. 0.0150 
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Fiq. 5. Results of Time Tests on Dry Longloaf Pino in Compression Enilwisn. Tho 
speoimons nnirkecl Q were tested quickly, as in one or two minutes; those marked 
T were loaded with various percentages of the breaking load of the two adja¬ 
cent specimens, and this load was left on until failure occurred, and the time noted. 


For the bending tests these rates apply to the extreme fiber at the dan¬ 
gerous section, dhc speed of the movable head (ri) of the testing machine 

in bending tests is given by Ti=^ for a center load, and n= ~ for a 

bAh 

third-point loading. In these equations e = unit deformation per minute, 
2=the span and h = the depth of a rectangular beam. According to 
Tiemanu * variations of 25 per cent in the above rates will not affect 
strength more than 2 per cent. 

* For ii more cornpicrp discusfjioii sec Proc. A. S. T, M., Vol. 8, p. 541. 
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In order that proper factors of safety may be established on a basis of 
testing machine results, it is very desirable that the strength of timber 
under dead loads be deierminetl. Experimentation by the I'orest Products 
Laboratory indicates that the modulus of rupture in beams under load for 
several 3"ears is approximately 56 per cent of the value obtained in an 
ordinary test lasting 4 or 5 minutt‘s and that the modulus obtained for a 
quick loading lasting about half a minute is about 10 per cent gr(‘ater than 
the valiKvs obtained at normal speeds. In Fig. 5 appear the results of 
approximately seventy-five end compression tests l)y J. B. Johnson on 
IfXlsXrl-in. prisms. All specimens were cut from a single plank of 
longleaf pine Avhich was rippiMl into prisms 40 in. long. 4 be specimens 
wtUT cut Irom each long prism as indicated in Fig. 5 ami drc'sstal to the 
above size. All tests w(‘re made in a 130,000-lb. universal machine. For 
dead-load tests the prisms wen; bedded on a nest of four vertical e:ir springs 
which deformiul about an inch under the imposed loails. By means of this 
elastic base the yic'lding of the specimen was taken up and load of almost 
constant intcmsity maintained throughout the Ikich plotted point 

in Fig. 5 represents tlrn'e to six tests. These data indicate that the long¬ 
time compressivt; strength of wood parallel to the grain cannot be taken 
greati'r than two-tliirds of the usual testing machiiu; values. 

Moore and Komrners report that the (‘lulurance limit in rep(;at(;d b(*nd- 
ing tests of wood approximates one-fourth of the modulus of rupture 
determined at normal speeds. 


STIFFNESS AND OTHER MECHANICAL PROPERTIES 

232. The Stiffness of Wood.—Stiffness in a structure is often of as 
much importance as strength, but it is much more freipumtly neglected 
in designing. Floors must lx; sufficieiitly stiff so that they will not deflect 
apprt'ciably und(T working loads or (;lse they give one the feeling of 
insecurity. If a floor sustains a plastered ceiling its deflection under 

working load should not exceed of the span. Likewise the deflection 

of rafters should be limited, if it is desirable to avoid the disagreeable 
appearance of a sagged roof. 

Stiffness in compression members is not often of moment in design. 
It is measured by the modulus of elasticity wLich is computed from the 
ratio of unit stress to unit strain. For beams the modulus of elasticity 

Pl^ 

(E) may be computed from the equation E = jjj] wLere P = a certain 

load within the elastic limit of the beam, /= deflection corresponding to 
P, ? = length of span, i = moment of inertia of cross-section about the 
neutral axis and /3 = a constant depending on the end conditions and the 
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inf‘thod of loading tho beam. For a conter load on a simple beam, /9 = 48-, 
for tlie case of a simple beam loaded with two equal concentrated loads 

048 

(P, P) at the third points of the span, /0=— 


In general, the denser woods are the stiffer, as may be seen by refer¬ 
ences to Table 1. There is not, however, much difference between stiff¬ 
ness of the softwoods as a class and the stiffness of the hardwoods, nor 
arc? there as witle variations in the stiffnesses of the various species of 
wood as in the strengths. Values in Table 3 show that green timber is 
less stiff than air-seasoned; and, from results in Table 5, it appears that 
the structural sizes of timber are about as stiff as the small clear sticks. 

Fig. () shows typical load-deflection and load-deformation curves for 
wood. These figures also indicate the method of finding the elastic limit 
and the correction of curve when it does not pass through the origin. 
Other load-deformation curves for wood may be seen in Fig. 13. 

233. Toughness.—A wood which has a large capacity to resist shocks 
or blows is called tough. The spokes of an automobile or w^agon, the 
tongue of a wagtiri and its axles, the handle of the axe or sledge all must 
1)0 tough that they may aVisorb without injury the shocks which they re¬ 
ceive. In order to be tough a wood must have l)oth strength and flexi¬ 


bility. 

Toughness is best measured by the energy of the blow required to rup¬ 
ture a Ix^am in transverse impact. A less reliable index of toughness is 
obtainable from the energy of rupture in cross-l)ending. The latter test, 
however, is more easily made than the former and of more gtmeral value, 
since static strength and stiffness may also be gotten from it. The tor¬ 
sion test has also lieen used to measure the toughness of wagon spokes. 

In liable 1 the average work done in deforming a large number of small 
wooden specimens in both static and impact Viending tests has been re¬ 
corded. The methods of determining the various results in static V)ending 
have been considered in Ch. I and III. In the impact tests the height of 
drop was increased by 1- or 2-in. intervals until failure took place. The 
height of drop at the elastic limit was gotten hy plotting height of 
drop (/i) against tlie square of the deflection (/) and determining the 
value h' at which the. curve deviated from a straight line. The fiber stress 

'AWh'l 

at elastic limit was calculated from modulus of 


elasticity (E) from E~ 


fXSr 

6/i/ ’ 


and the elastic resilience (A) from 


K 


Wh' 

M' 


The undefined symbols are = weight of hammer, ? = length 


of span, b = breadth of beam, and depth of beam. 

From the test results on green timber, it will be observed that the total 
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work in static bending and the height of drop causing complete failure in 
impact bending vary with dilTeicnt species in approximately the same 
manner. With these calculatiul values as criteria, it is obvious that the 
hardwoods as a class exc.el the conifers in toughness. Among the hard¬ 
woods, osage orange, liickory, rock elm, slippery elm, honey locust and 
hackbiary are very tough; while basswood and sycamore are more brittle 

than many of the softwoods. Longleaf pine 
is the only one of the conifers possessing much 
toughness. 

Seasoning when unaccompanied by checking 
generally increirses toughness, but in (diestnut, 
gum and willow it causes a maiktal deca’ease in 
toughness and, to a less extent, adversely 
affects hi(‘.kory. In general, greenwood is 
tougher than seasoned material. 

234. Cleavability is the measure of the 
ea.s('. with which wood may be split. This 
jn’operty is of considt^iabh^ moment in the 
working of wood, especially in splitting fence 
lails and firewood. Woods which must be 
fastened by nails and screws should have a 
high resistance to splitting. 


Ficj. 7 —Tyj)!* of Cli'iiv.qUility "IVst and Sjjorinii'ii Aflnptial liy Forest Products 
Lat)oratory. (Hetis and tJrcclcy before liit. Engr. Coiif^ress, 1015.) 

Since splitting is accomplished V)y wedging apart the longitudinal 
elements, it is closidy related to tension, across the grain. At the Forest 
Products J^ahoratory, the test-piece of Fig. 7 is used to determine resist¬ 
ance to cleavage. 

From data in Cirtulnr 213, it appears that, most hardwoods split more 
easily along radial planes than along tangential surfaces. Among the 
conifers the difference in cleavage strtuigth in the two directions is not 
great, but for longleaf pine and tamarack it is greatest across radial planes. 
Interlocking of tlie wood fibers causes high cleavage streiigtli, while defects 
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like shakes and checks reduce it. Knots may affect it either way, depend¬ 
ing upon the number, position and character. 

Honey locust, hickory, slippery elm, hard maple, and the oaks have 
the highest resistance to splitting. Basswood and the conifers split with 
comparative ease. 

235. Hardness.—Both resistance to indf'iitatioii and resistance to 
scratching are important properties in woods which are to be used for 
finishing and for furniturt'. These properties, togt'tlier with the ability 
to weai- without splintering determine the wearing r(\sistance of wood for 
floors and pavt;ment,s. Aside from the indentation tests no satisfactory 
type of test has been ilevistnl to measun' tliesi' piopinties. However, 
experience shows tiiat woods having mark(Ml ililTi'rcaice in tiie chai’acter 
of th(^ spring wood and summer wood (pine? and oak), w(*ar lu\st when laid 
with the edge of the grain (‘xposed to wear. M il h tht' fiiie-grjiined woods of 
uniform texliirt‘, like hard maple, tin; rf‘sistance to wear apj)f\irs to be 
litth‘ affee.tetl by t lu‘ method of sawing. 

The resist.ance to indi^ntation of a niiml)tM* ol gr(‘en woods is given in 
Table 1. Among the hardwoods, basswood, poi^iar, aspen, cottonwood, 
and willow are qiiiti' soft, when^as yv‘w% a conifer, is rtamirkably hard. 
In grt'eii wood tlie hardru'ss a.pp(‘ars l.o lx* indepr'inient of the surface 
indentetl. Seasoning greatly increases resistane.e of all surfaces to inden¬ 
tation but affc‘cts tlie nssistancr^ of tlu‘ (aid surfac(‘s mosiu 

CONDITIONS AFFECTING MECHANICAL PROPERTIES OF TIMBER 

236. Density.—All the mechaiiic.al properties of dear wood are related 
to its ihoisity, whioli varies direclly wdth the appariad specific gravity, p. 
V/ithin a given sf)(‘ci(‘s tin* ndation is closer than ladween sjaaiios. This is 
most jironoinuMMl in (ind>ers of structural sizt^ where defects and moisture 
conti'iit considei ably affect int('rsp(‘ci(‘s relationships. 

Id’onv a large number of tt'sts of small clear pieci^s made by th(^ Forest 
Broducts Laboratory (s(‘e Ihill. No. (i7(i and Tdadmical Bull. No. 158, U. S. 
Dept, of .Vgric.) the following data were obtaimal: 
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101)0 11../ill.2 

in lV)./iii.'’t 

lb./in .2 

Ib./ill.2 

lb./in.2 

lb./in,2 

Green. 

17,600/<'“ 

23()0p 

35. f)p'-■''' 

6,730p 

3()00p'‘^''* 

275()p'=«=> 

1950p2 

Air-dry.. . . 

25,700pi-‘^ 

2S00p 

32.4p’-'^ 

12,200p 

4(j3()p2-^-* 

4(X)0p"” 

2100p=' 


It will be observed that the general law^ is Q=^CV; where n is an 
exponent betwaon 1.0 and 2.25, and p is computed from the volume of the 
wood at test and the oven dry weight. 
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Fifr. S shows the relation between niOLkilus of rupture and the specific 
gravity frjr IKi varietit\s of wood in air-dry and in green condition. In 



Fig. S.—Rdiition bctAATm Hc'nclinp Strength (a-) antt Sporific Gravity (/») for 113 
Wooris. (SpiM’ifii' gravity is baseil on volume at test and dry weight. Diagram 
compiled at Fo»-est, Products Laboratory.) 
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Rings per Inch Rings per Inch 

Fig. 9.—Relation of Modulus of Rupture, Fiber Stress at Elastic Limit, and Modulus of Elasticity to Rate of Growth, as Shown by 

Number of Rings |>er Inch. (From Bull. 108, Forest Service.) 
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standard specifications the value of specific gravity as a criterion of quality 
is evidenced by elimination of tiinbcTS of li^lit weif^ht from the select and 
dense select grades. Since specific gravity is affected l)y rate of growth, 
per ef‘nt summer wood, position of specimivn in tree, and moisiiin' oci - 
tent, the infiiience of these factors is next considiaeil. 



Fig. 10.— Tlnlatinn iiFMi)flulus nl' mi|)turn, I'MImt Sl.n'ss at lllastir Limit, ami iVloiiuliis 
of Elastiiaty to riTcientaKi* nl'Siininu*r Wnnil. (Prom BulL Nn. 108, rnrivst ServirL*..) 

237. Effect of Rate of Growth. —Fig. 9 illustrates the previously made 
statement that conifc'rous wood having a inediuin rate of growth is the 
strongest and stiffest. There is, however, a wide range in the most effec¬ 
tive rates of growth for dilTerent conifers. In the dens(‘ hardwoods rapid 
growth is more desirable. In tests on grtani hickory the best strength was 
obtained from material having a rate of growth of 10 to 20 rings per inch, 
and the best toughru'ss from specimens with less than 10 rings per inch 
(Bull. No. 80, Forest Service). 

Whereas rate of growth is not so trustworthy a criterion of strength 
as the percentage of summer wood, the select grades of southern pine and 
Douglas fir are based on material containing not less than 6 nor more than 
20 annual rings per linear inch. 
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238. Effect of Percentage of Summer Wood.—With most coniferous 

wood the summer wood is readily identified anci forms a valuable index of 
the mechanical properties of the timber. The proportion of summer wood 
in a given coniferous timber is generally determined l)v estimating the 
ratio of the sum of tlu' areas of the dark rings to the total cross-section. 

Fig. 10 shows the ndation of per cent summer wood to strength and 
stiffness for several coniferous Avoods. On account of the iinportaiii^ 

relation which the per __ 

cent s u m in e r av o d d 

boars to mechanical - — - - 

properties a minimum 

percentage limit has -— -—- 

been inserted in specifi- 

S J1 

('litions for dc'iisi' struc- 7 ,ixkj --oi—--- 

turiil timber (see Art. ’ 

250j. U,1K»I--'1—.— fflTcBts' 

239. Relations of 

Mechanical Properties 5,uix)- -- — 

to Position in Tree.— 

Since Avood in the loAver 4 ,imxj_ __ 

part of the trunk of a _J_^^ 

trei' is more deiist' tlian h,uihi — -T ....4--- tiii MtiximuniLoiiii 

lb LI;. in;r Sij. In. 

that higher up, and couipr. i| to nrttiu 

since th(‘ tlensest wood -.. ..... 

at any giAa'ii hf'ight is 

situated between the i,ockj_ 

pith and the middle* ring . ______ 

of thi^ cros.s-si*ction, a __^____ „__ _ 

small variation in the _ h _ _ 

stnaigth of AVOod due '.- _ 

to position in tlu* tree j ^ 

will be found. Fig. 11 

shows hoAV the strengtli __ _ _ w 

of Avood in a\ estt'rn ^_ 

larch trees varies wdth | | | | I I I I I I I _ 

the height aboA^e ™ 

® iJeig-ht of Si)L*ulini;n above OrDuiiii—Feet 

ground. —Rnlatirjn of Strength VuIurh to Height in Tree. 

240. The Influence Speeimens were small clear iheees of green western 
of Defects on Meehan- lan-h. {Hull, No. 122, Forest Service.) 

ical Properties, — De¬ 
fects such as knots, checks, shakes, and inclined grain are limited in struc¬ 
tural grades of timber, since they are a principal cause of variation in me¬ 
chanical properties. The discrepancies in strengths of large and small 
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FiO. 11.—Relation of Strength ValiiR.s to Height in Tree. 
Specimens were small clear iheces of green western 
lan-h. {Bull, No. 122, Forest Service.) 
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gpRcimens and the variation in properties of test-pieces of the same wood 
are krfreJy due to defects. The magnitude of the influence of defects is deter¬ 
mined by their character, size, and location, and these factors are given 
consideration in the limitations for various structural grades. 

Knots in heav^^ beams and posts which do not run directly through 
the niernber, or knots running normal to the top of a beam, reduce strength 
in direct proportion to their size. When knots run directly through joists 
and beams near the top and bottom surfaces in the mid-half of the hmgtli, 
their weakening effect is approximately in the ratio of twice the diameter 
to the depth of member. Knots near the ends of be\ams are h'.ss harmful 
than when near the middle, hence larger knots may be permitted in the 
(md zones than near mid-length. Since grain distortion and shrinkage 
strains an* greater around large knots than around small knots, t he maxi¬ 
mum pf^rmittefl sizt* is varied with the width of the face of the timlter con¬ 
taining the (h‘f(^ct. The distribution and the sum of the knot tliameters 
in the face* of a post or beam also affect strength and an* limited in gnuling 
rules. 

From numerous compression parallel-to-grain tests on () by (i-in. woofl 
prisms containing sound knots of various siz(‘s, the comparisons shown in 
Table 0 wert* drawn from Ihilleiin 108, Forest ServitM*. ^r}u*s(‘ data show 


TABLE 6.- EFFECT OF KNOTS ON COMPUIGSSION PUOrERTIES OF WOOD 
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that the strengtli and stitYness of short compression members may be 
reduced 15 to 30 per cent by the presence of knots 1] in. or over in 
diameter. In long columns, however, the effects of knots on stiffness 
is imiaaterial, hence the Euler loads are not reduced by the presence 

of knots. 
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Other tests by the Forest Products Laboratory have shown that knots 
have little effect on the elastic limits and stiffnesscvs of beams, but they 
decrease the modulus of rupture. (Vjnse(|ueiitly knots in beams will 
adversely affect ultijiiate stnmgth and toiiglmess. Sound knots near the 
neutral plane have little influence on the shearing strengths of beams. 

Shakes and checks are most harmful to strength wlit^n tlu'y follow the 
neutral plane of a beam or run diagonally across the tension side of it. In 
the first case they weaken the resistance to horizontal shear, and in the 
second case they lesstui the tensile strength. 

In seasoninl timl)ru' shakes ami checks are more pronounced than in 
green timber. Hence in grading rules for structural tind ers the severity 
of the limitation on tlie proportion of tlu^ width of face oci iipied by check 
or shake varies with the grade and condition whim inspimled. 


Inclination of grain to the axis 
effect on strength. I'\)r greater slopf\ 
Forest Products Laboratory t(‘sts 
cause a rlecrease in bi‘am strength 
of about one-eighth, 1 ; 15 about 
one-fourth, 1 :il about three- 
eighths, and 1 : 8 about ori(‘-half. 
For posts, grain inclined 1 : 15 ri‘- 
tluces strength about one-eighth, 

1 : 11 about on(‘-quart(‘r, 1 : 8 
about three-eighths, and 1 : (i about 
one-half. 

241. The Effect of Moisture on 
Mechanical Properties.— \ ariations 
in the moisture contiait of th(‘ cell 
walls are accompanied by large 
changes in the strengtli and still¬ 
ness of wood. Thesi' effects are 
most noticeabl(‘ in small, clear 
pieces which siaxson with great 
rapidity. On account of the slow¬ 
ness with wliich large structural 
timbers dry it is, however, unsafe 
to count on any increase in strength 
due to air-drying of such mend^i'rs. 
After years of seasoning, large tim¬ 
bers may lose enough water to effect 
an increase in tensile and compressive 
arising from shrinkage stresses often 


of a bi\‘un less than 1 : 40 has little 
^ the strength is considerably reduced, 
indicate tliai grain slopes of 1 : 20 
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Moisture; Per Cent nn.‘iE;(| on Dry Weight 


Kie. 12. of varying degrees of 

irioistiire upon the strength of small, 
clear spec-imens of western (known to 
trade as West Coast) hemlock. (Bulle- 
tin 115, U. 8. Dept, of Agriiailbure.) 

strength and in stiffness, but defects 
cause a decrease in the resistance to 


horizontal shear stresses. In kiln-drying the normal increase in strength 
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due to loss of moisture is often nullified by case-hardening, a condition 
which prevents complete drying of the piece and produces internal stresses. 
Since, however, pieces less than 4X1 in. in cross-section may be consider 
ably strengthened anil stiffened by proper tlrying, the magnitude of the 
influence of moisture on these properties will next be considered. 



Fill. 13.- Sirnss-dphirmation Diagrams for ComprpssivR Tests Parallel to the Grain 
in Woods Varying in Moistnre Content from AVet to Oven Dry Conditions. 
(Bull. No. 70, Forest Service.) 


The mechanical properties of wood are not materially affected by a 
reduction in the moisture content until the fiber-saturation point is 
reached. Further drying causes a large proportionate increase in strength 
and stiffness. These statements are supported by typical evidence in 
Fig. 12. Fig. 13 shows the effects of variations in moisture content on the 
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shapes of the compressive stress-deformation curves for several kinds of 
wood. All specimens used in securing the riata for the above figures were 
of clear material 2X2 in. in cross-section. Compression trest-pieces were 
51 in. long; bending spi^cimens were loaded at tlu' center over a 3-ft. span. 

A summary of tlie idfects of moisture on the strimgth and stiffnesB of 
small, clear sticks of certain wooils is contained in Table 7. 

TABLl^ 7. -THE STHENGI H AND yTIFFNE8S 01-^ AIll-DHV AND KILN-DRY 

WOOD expressj:d in terms of green material 


(Tii'manii, in Bull. No. 70, Forrst Service) 



* Ualiow fur llir- chisOf limil nn- approxiiiiaO’ly tlie .HUiiio, 
t Kilii-ilry = per nl■nl, niniHliiro. 

J Air-dry —12 per cirnt iiioibturo. 


Since wood I’arely remains as dry as when talcen fi-om the kiln, the 
tabulated vidues for air-dry material are of more gianu al a])|)li(;ation than 
those given for tlu‘ dryer condition. The table widl shows that the strength 
of small sticks of air-dry wood may be 50 p<^r cent or more and the stiff¬ 
ness 10 per cent or mon*. than the corresponding values for green material. 

242. Effect of Temperature on Strength of Wood.—The effects of 
temperature on wood are dejumdent upon the moisture eoiit(int. Drj^ 
wood expands slightl}^ when heated, while wet wood shrinks owing to the 
evaporation of moisture. 

The linear coefficient of thermal ex|)ansion parallel to the grain is 
approximately 0.000000 for lieech, walnut, maple, elm, and chestnut; 
0.000005 for oak and pine; 0.0(X)004 for poplar, mahogany and fir; and 
0.0000026 per deg. C. for Iwxwood. In radial direction, the coefficient for 
the species mentioned above is from 5 (for chestnut) to 15 (for fir) times 
the value given for longitudinal expansion. 

Very high temperatures such as used in vulcanizing slightly weaken 
dry wood. Freezing somewhat inereast^s both the strength and stiffness 
of wood.* If wood is kept moist during the heating process it is rendered 
* See Bull. No. 70, Forest Service. 
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very pliable and is weakened. The results of a large number of tests on 
the effect of various drying and steaming treatments on wood were reported 
by Tiemann in the Lumber World Review, Apr. JO, 1915. 

From this report, Table 8 has been abstracted. The results show 
that steaming green wood under high temperatures and pressures greatly 
weakens it. Air-dried w^ood subjected to temperatures above 330° F. 
and steam pressuri's of 90 lb. per square inch was also weakened but to 
a less extent than the soaked wood. 


tabu: s. Till: wr:AKi:NiNO i<:ffi:ct of various drying processes 

ON THE CRUSHING STRENGTH OF 2X2-1N. WOOD PRISMS 
('i'ieinMiin, in Luvihcr World Ai)r. 10, 1915) 


Triiatmnnt. 
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0 
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Whil.r ii.Mh 

-10.3 

0 

0 


liiililiilly ])iiii‘ 

-JO.7 
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HimI oak 
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Sutiirntinl hI imiiii IIO Hi./ in.'*, H.ll ° I'., ,5 iniii . . 

W'hili- a.sh 

-24.8 

4 
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ITi min .... 

I.nblnlly pine 

-27.3 

- 0 


5 mill.... 

Ill'll oak 

- M .r, 

-40. 1 

-13.7 

SnliiriiljMl Hli'iiiii 00 111./in.-, .'121° F., 1 hr. 

Whilr ash 

-44 7 

-27 
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I.oliIoUy iiiiir 
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:ii hr. 

Ill'll luik 
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* Tht* iiiiiiiiH sign iiicliruti'M a, in Htmigth. 


Prof. W. K. Hatt * states that a high degree of steaming reduces the 
strength and the spike-holding power of the wood. The safe limiting con¬ 
ditions for steaming depend upon the quality of the w ood, the thoroughness 
of seasoning, the steam pressure, and the duration of steaming. He 
states that loblolly pine should not be steamed at pressures above 30 lb. 
per square inch for more than four hours, or 20 lb. per square inch for 
more than six hours. 

* Circular No. 39, Forest Service. 
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243. The Effect of Preservatives on Streng;th.—Experiments made 
3 t the Forest Products Laborator>^ * show that creosote oil in itself is 
not injurious to the strength of timber, but excessive heat or pressure dur¬ 
ing the steaming and impregnation processes may injure strength consid¬ 
erably. From a boiling treatment (see Art. 220), on Douglas fir timbers, 
both green and air-seasoned stringers lost about one-third of their normal 
strength. More recent tests by the Forest tS(*rvdce and others have shown 
that the boiling-under-vacuum nu'thod of treatment produces Douglas 
fir timbt^r markedly superior to that tn^ated by tin* ordinary boiling or 
steaming and boiling processes. Jn the Forest Servdee tests on SX 10-in. 
stringers the temperature approximated 190° F., duration of boiling- 
uniler-vacuum 21 to 22 hours, pressure period 2 to II hours, and maxiiiuim 
pressure was about 125 lb. per stj. in. Tin' ratios of sti i ngtli of treated 
to strength of normal timbers vantal from 87 to 1)1 per cent. The ratio 
was 93 per cent for the unseasoned and 90 p(‘r eimt for tlu^ timbtvrs seasoned 
before treatment. The tests indicattal that tlu' reduction in strength was 
less as the size of piece, temperature, length of L>oiling period, anti pres¬ 
sure were reduced. However, the best combi nation ui these variables 
still awaits a thorough inv(‘st.igation. 

Zinc chloride solutions of th(‘ strtmgths commonly ustvl in treating do 
not seriously weaktm t imbrn*, but apparently do rtmdtu’ it somewhat more 
brittle under impact. 

244. Fire-killed Douglas Fir. From i.lie ri'sults of over 100 tivsts on 
beams of structural sizt^ anti several hundred ti'sts on smaller sp(‘cimens,t 
it appt\'irs that fir('-killi‘d Douglas fir, if sound, is practically as strong and 
just as stiff as mattnial gotten from growing trees. If such tind)er has 
stt)od for several years aft er the fin*, it is likely to bt* bailly tiattm by beetles, 
borers, and fungi. (lonsetpiently careful insp(‘ction shoultl I)e made 
to detect evidences of smdi dcdtudorat-ion before using fire-killed Doug¬ 
las fir. 

246. Effect of Bleeding on Strength of Longleaf Pine.— ''Fhe wood 
of pine trees which have been bled for turpentirn^ is just as strong as that 
of unbled tre(\s. This statement is bascul upon the ri‘sult,s of ovt^r 1300 
tests made by the Forest S(*rvice (Cir. No. 12) on air-dry material. Fur¬ 
thermore, these tests show that neither the shrinkage nor the specific 
weight are affected by bliMaling; and that tlu^ resin loss, confined to the 
sapwood, is insufficient to affect, the durability of the wood. Other tests 
indicate that the strength of longleaf pine is iiidi‘peinli‘iit of tht; resin 
content. 

See Cirtridar No. 39, of ForesI, Servirc, ainl BuUfiin No. 286 f)f II. 8. Dept, of 
ARrir. 

I J. B. Knapp in Forest Serviee Bull. No. 112. 
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STRENGTH OF NAILS AND WOOD JOINTS 

246. Holding Force of Nails, Screws, and Spikes.— Nmls. —A large 
number of to.sts at th (3 Forest Products Laboratory indicate that the with¬ 
drawal load, P, for common nails or spiki;s per inch of embedment driven 
into side grain in seasoned wood approximates P = 6900p“ '''r/; where 
p= specific gravity and d = nail diameter in inches. The safe quiescent 
load suggested for most species is P/6; for southern pine P/8 is preferable. 

Resistance to withdrawal is increased from 90 to 200 per cent by 
chemically etching nails and increased about 40 to 50 per cent when 
cement-coated nails are used in softwoods. Barlxul nails, nails with shanks 
longitudinally or spirally grooved, square or triangular in section, have 
superior resistance to withdrawal to common nails. When common 
nails are driven into green wood they usually lose part of their withdrawal 
resistancxi if the wood seasons; barbed and grooved nails usually retain most 
of their holding force. Nails with blunt tapered points and nails driven 
into lead holes exhibit greater holding forces than common nails and nails 
driven without lead holes. In softwoods the holding force paralhd to the 
grain is only half to thrt‘e-fourths the value normal to the grain. In hard¬ 
woods the direction of driving has little effect on the holding force. 

*Scre'u;.s.—Tests by tlie Bureau of Standards show that the withdrawal 
force, P, for comm on Avood screws per inch of haigth when inserted normal 
to the grain in seasoned wood approximates P= l(),2()()p-tl In this expres¬ 
sion it is assumed that the screws are of coinrnon liaigtJis, Eanbeddtal at 
least two-thirds of their lengths, and insertiui in lead holes having a diamr^ter 
about 70 per ciuit of the root diaimder of thii screw^ when placed in soft- 
wajods and 90 per cent wdien in hardwoods. A factor of saft‘ty of 6 is 
suggested for quiescent loads. Screws inserted parallel to the grain can 
carry about thr(H*-fourths of tlu; foregoing valut's if splitting is avoided. 

Rnilroad ^"/;/Ac.s.- In I'lible 9 are givtm results of tests made at the 
Univtusity of Illinois to determine the hohling force of ordinary spikes and 
screws spik(‘s in various woods, '^^rhe common spikes were 5^ and 6 in. 
long by tV f hi. square; they were fairly smooth. Thi) screws spikes 
varied from 5 to 5^ in. in length and had a diameter at root of tliread of 
II lo 11 in. The thread projected J to fV hi. and the pitch was | in. 
Spike holes were liored in. in diameter, thereby insuring a tight fit. 
The results in the table are correctetl for a uniform dejith of 5 in. Other 
tests made to determine tlie effect of dejit-h of penetration on strength 
indicated that these factors were directly proportional. Blunt-pointed 
and bevel-pointed spikes were shown to be slightly superior to chisel- 
pointed spikes. Coini!ion spikes when redriveii had about (K) to 80 per 
cent of the resistance of newly driven spikes. 

Not only is the holding force of screw spikes much greater than that 
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TABLE 9.—RELATIVi: HOLDING POU EH OF SCREW SPIKES AND 
ORDINARY SIMKES IN SEVERAL riiMBERS 


{Bull. No. 6, Engr. Expt. Sta., Uiiiver.sity of llliiiois) 


Kind of Tif\ 

Kind of 
Sijiki!. 

ItEaiSTANCE IN PoUNDH KOH 

M El.ATI V E 11 ESI8TANCKS. 

l-in. Pull. 

l-in. Pull. 

Max. 

Konist. 

S-in. Pull. 

pin. Pull. 

Max. 

Kraist. 

Water oak. 

Oriliiiary.. 

2870 

5,7;io 

0,780 

100 

100 

100 


Screw. , . . 

4SSS 

9,180 

12,190 

170 

100 

179 

Black oak. 

Ordinary.. 

2910 

5,890 

7,2;io 

100 

100 

100 


Screw.... 

1700 

10,420 

14,110 

104 

177 

20.4 

Rial oak. 

OrJiiiayy.. 

2950 

5,;k50 

7,7:io 

100 

100 

1(X) 


Screw. . . . 

■IIIOO 

10,400 

1 : 4.500 

lOli 

194 

170 

White oak. 

Orilinary.. 


5,950 

7,870 

100 

UM) 

1(K) 


S(!rew. . . . 

0250 

11,900 

i 2 , 0:10 

178 

200 

18S 

Ash. 

Ordinary.. 

11570 

5,200 

7,7:iO 

1(X) 

100 

KM) 


Screw. . . . 

5701) 

10,470 

12,700 

102 

2(H) 

105 

Beech.. . 

Ordinary.. 

2000 

5,490 

8,840 

100 

100 

100 


^ Screw.... 

0150 

1 : 1,140 

10,2.40 

248 

221 

2.48 

Elm. 

Ordinary.. 

2 ;iso 

5,.5S0 

7,.500 

100 

100 

100 


Screw... 

5120 

10,090 

1.4,090 

215 

181 

18,4 

Poplar. 

()rdiiiary. 

2s:50 

5,290 

5,070 

100 

100 

KM) 

1 

Seriiw. . . . 

dsso 

(i.210 

7/190 

1.47 

117 

1:12 

Chiistiiiit. 

Ordinary.. 

2850 

4,070 

5,200 

100 

100 

100 


Screw. . . . 

20!K) 


S,7IM) 

129 

1.55 

107 

Sweet Gum. 

Ordinary.. 

;d2;io 

4,120 

.5,:i(K) 

100 

100 

100 


Screw. - . . 

54:10 

7 710 

S,2S0 

Hi? 

1()2 

156 

Loblolly pine.. . . 

Ordinary.. 

2920 

:i,500 

4,:i(M) 

100 

100 

100 


Screw. . . . 

57.50 

9,0.50 

10,020 

197 

258 

247 


of plain spikes, but their resistanee to lateral thrust is also considerably 
higher. Prof. W. K. Ilatt * fouml that the lateial resistanee of screw 
spikes was 1.2 to 2.4 times the resistance of plain spik(\s similarly tested. 
No support was provided for the head of the spikt^ in these tests. In 
timber treated with crude oil the holding force of plain spikes is consider¬ 
ably less than in untreated timber or in timbers treated by other commer 

*See Bull. No. 124, Am. Ry. Engr. Assn. 
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cial procas^scs. For shortloaf pine treated with crude oil, Hatt found the 
holding force of plain spikes to be only 45 per cent, and of screw spikes 
73 per cent, of the values obtained for the respective spikes driven in 
untreated wood. 

247. The Strength of Joints.— Nailed and Screwed Joints. —Extensive 
trusts by the Forest Products Laboratory r(^sulted in the formula fr)r the 
safe lateral load for wire nail joints, P = Kd'\ in which P represents the 
safe lateral load in pounds per nail, d the diameter of the nails, and K a 
constant depending on species and condition of wood. With a factor of 
safety of 6 and a moisture content of 15 per ciait, the values of K given in 
Tahiti 10 apply. With reasonable spacing, the strength of the joint is in 
proportion to the number of nails used. For safe lateral loads on wood 
screws under conditions similar to the above, the Laboratory recommends 
the equation P = K^(Pj in which d is the diamettir of shank of the screw, 
with the valinvs of given in Table 10 and a piaiiitration into the block 


TAliLL 10.- VAHIICS OF C()ls\STAN'rS K AND A, FOR. WOOD JOINTS 


SjuM’icH of Wood 

K 

K, 

CcfJur, whiti*; llumhxk, oiistiTii; Pine, lodgepoli*, sugar, whiti'; 



Hi)riife, red, Sitka, wliiti*. 

nno 

2100 

Cedar, red; Cypri'.sH; lleinluck, wi'stijrn; Piiu‘, Norway; IledwDod; 
Tamarack. 

1125 

2700 

r)oiigl!i.s fir ((■.uiist region); Larch, western; Pine, southiTii yellow. . 

1375 

3300 

As|)i!n; Hnsswood; Clu'.stniit; Cottonwood; Pr»f)lar. 

!)00 

2100 

Ash, black; I Jm, American; (lum; IMaplc, soft; 8vcamorc. 

1250 

2900 

Ash, whitf^; Leech; Ilirch, sweet, yellow; IClm, rock; Hickory; 
Locust; Miiple, haril; Oak; Walnut. 

1700 

4000 


receiving the j)oint of 7 or more diameters, tlu' corresponding loads will 
have a factor of safidy of about 6 and the joints woulil be expected to slip 
0.007 to 0.01 in. 

Holts and Connedors. —In the ood Ilandhook the Forest Products 
Laboratory gives much valuable test data and information for the design 
of wood joints fastened b}^ bolts and by various types of modtaai ring or 
plate connectors. In the design of bolted connections not only is the safe 
bearing stress for the timber a point to be considered but also the ratio of 
length of the bolt in main timber to diameter of bolt is an important factor 
when greater than 4. The connectors are partially bedded in the pieces 
to be joined and act much like rigid dowels. Bolts placed in oversize 
holes are centered in such connectors to aid in assembling and maintaining 
tight joints. 

Glued Joints. —The efficiency of glued joints depends on the kind and 
condition of the wood, the kind and condition of the glue, method of gluing 
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type of joint and mntliod of conditioninff it, and tlu' proteetion piveii the 
joint. Ainoiift’ the woods that are easiest to pine art' western red eedar, 
cli(\^tniit. white fir, redwood, and spruce; wherea^s l)eeeli, birch, gum, and 
hickoiy rc-tiuire speeiLil treatment in order to obtain good results. 

Animal, casein and resin glues all find use in gluing wa)od^^ ork. Animal 
glues give best results Avlieii kept warm, set quickly without stain, and are 
mueli used for furniture, veneer, aiul milhvork. Coisein glues are mixed 
w ith cold w'ater, set quit-kly, stain some w oods badly, dull markedly w’ood- 
Avorking tools, and are used in gluing luml^er, veneer, ])lywood, air craft, 
and automol)ile bodies. They are moderately duralde under damp condi¬ 
tions. Thi^ most commonly usial synthetic-resin glues are the phenol- 
formaldehyde and iirea-formaldehyde types. Both art (l ei'inosetting. 
'^rhey art' available in tbe lorm of dry film, dry powtler, tir in solution. 
Wht'ii hnl-])ress('il at 250'^ ¥. they are durahle under se\ ere exjiosure. Resin 
glues ai'e used primarily in veneer and laminated wood construction. 

The moisture conli'iit of wot)d to be glued should be less tlian 15 per 
cent; the optimum is slightly less than the eont-eiit which will obtain under 
serv ice, A uniform film of glue free from air biTi^hles oi* dirt and c,omj)lete 
ct)n(acl. btdween tlu' surfaet's joint'd are essential tt) strong jt)ints. Plain 
joints Ijetw t't'ii sidt' grain suifaces can be made to tlevelop tlie stri'iigtli of 
the w’ot)d in longitudinal shi'ar, in tt'iision ticross grain, anil in ch'avage. 
By using a scarf joint liav iug a slope witli the gjain not greati'r tluin 1 to 
15 the tensile stjenglli of tln^ wooil parallel to the grain can be equaled; 
with a butt joint only oiie-fourth of this strength can be staaired. 

Can^ should be taken to avoid finishing edge joints until the glue moia- 
turt' has l)een dissipati'il. Artificial drying of glui'tl wa)otl shouhl f)e care¬ 
fully cjjiitrollcii. Tor moisture contents untler 12 jx‘r ctait-, well-glued 
wootl joints are jjcnnanent. T\u^ ihirability of joints may be materially 
increasi'tl by impri'gnation with pri'si^rvatives. 

24B. Plywood signifies glued wood panels usually maile of two or more 
thin layt'rs of wood with the grain of ojie or rnort' layi'rs iii an angle of 90 
tleg. with the others. Usually 3, 5, or 7 plii's are glutul in such maimer 
that the grain tlirt'ction of the bands is balanctMl with rt;sjx;ct to the core 
layer in ortler to avnid as far as possibli; warping dut^ to shrinkage and swell¬ 
ing. Panels are commonly made 4 ft. wade and 8 ft. long anti in thicknesses 
of i, s, 2 , i and I in. 

Plyw'ootl does not check or split so easily when nailed or screwed 
and ])ossesscs better shear strength than solid wood if buckling is 
prevented. 

For computing the ultimate bending moment, M, of plywood, the 
Fore.st Products Laboratory uses M = KSI c wdiere >S is the modulus of 
rupture of the solid wood, / the moment of inertia of only the plies wdth 
grain parallel to the span, c the distance from the neutral axis to the 
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outer of the outermost ply having grain parallel to 

A' is a constiint. For plywood witU 3 or movi- v)Uos ImviiHr f, , 
pfljvdJel to sjinii, or willi 5 or jiioro pJic.s Ji;n n/g fa,-c nh 
,0 sp,u,, K = a«; 


WORKING STRESSES AND GRADING RULES 

i 49 , 'WoAing Stresses, —From the results of extensive and carefully 
coiiducted tests t\ie Forest Products Laboratory has compiled a GuUh to 
the Grading oj Structural Tiinhers and the Deierminaium of Wirrhimj Stresses. 
^oth the Aiiunican Society for Testing Materials and the American 
EaiJvvay Enginf‘enjig Association have based their specifications /or the 
different structu/nJ grades of timber on the Uiniiutions proposed by the 
Laboratory regarding stresses and defects. In the present specifications 
for structural timber issued by these bodies timbers arc Sf'paratc'd at the 
mill into grades in accordance with their inherent dtdects. From the 
laboratory data the safe strength of each grade under continuously dry 
conditions is known and used as the characteristic designation for that 
grade. Thus JdOOf, applied to a timber beam, indicates that the member 
can carry safely iiruhT dry conditions a maximum fiber str(‘ss of 1600 lb. 
per sq. in.; likewise ISOOc signifies that the member, as a short column, can 
safely carry a load of 1300 lb. per sq. in. applied parallel to the grain. 

The t(n-ms den,^(i and clo^^e-grained are api)lied to timbers of certain 
species, as indicated in Sec. 14 and 15 of the grading rides in Art. 250. 

Expo,ire is divided by the Laboratory into three degre(^s of severity: 
(a) continuously dry, as in protected locations of low humidity; (6) occa¬ 
sionally wet but (luiekly dried, as in bridges, trestles, grandstands, and 
exposed franu's; (e) mon^ or less continuously damp or wet, as exposed to 
waves or tides, in contact with ground or wet structures. Roughly, 
fiber stresses in bending and in compression parallel to the grain for con¬ 
dition (b) should not exceed I of values permitted for condition (u); and for 
condition (r) they should not exceed :J the values for (a). For compression 
perpendicular to the grain the stress ratios for conditions (b) and (o) should 
not excet'd 0.7 and 0.6, respectively. 

Impact stresses when less than 100 per cent of the live load need not be 
considered, if the working stresses are properly used. 

Horizontal ahear sirctis values are the maxima ptTinitted at the neutral 
axis in beams. In calculating the slit'ar near the (uid of a beam the loads 
concentrated betwetai tlie ends and a point three times the depth of the 
beam from the end may be considered acting at that point. For moving 
loads on stringers of highway or railway bridges, howt'ver, it is perniissiljle, 
in calculating the shear at one end, to ignoie the wheel loads between the 
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end and a point throe times the depth of the beam from that end provided 
the remainder of the span is assumed loaded to produce maximum end shear. 

Shear stresses in joint details may be increased 50 per cent above the 
values permitted for horizontal shear in beams, Table 12. 

Modulus of elasticity values given in the tables are for loads of short 
duration. For ctilculating the deflections t)f beams under continuous 
loads, it is advisable to use one-half of the tabulated values to allow for 
sag due to continued loading. 

The working unit stresses for compression paralM to the grain in Table 12 
are ior posts and struts Avith ratio of unsupported lengili to least dimension 
(l/d) not over 10. These values should also be used in calculating end 
loearing ar(\as for coinprt'ssion members, since short struts ?vre likidy to fail 
at the ends due to difTerences in moisture content-. 

For columns of intermediate length a foin th-y, wer parabola and for 
long columns a tangent Euler curve provide a eoi-ibination uf formulas 
Avhich, the Fort^st Products Laboratory tests have demonstrated, repre¬ 
sent ilio striaigth-slenflerness-ratio relationship. The parabolic formula 
for columns of intimnediatt' length is 


P 

A 



P P 

between — = S and ; 
A A 


2S 

3 ' 


where 7^ = safe load in pounds, A = cross-sectional area in square inches, 
^5 = working unit stress in compression jiarallel to grain for short column 
(Table 12), 2 = unsupported length in inclnvs, d = least dimension in inches, 

TT 

- is the abscissa of the point of tangimcy with tin; I'iuler curve, 

/r; = nu)ilulus of elasticity (see Talile 12). Values of K for different species 
are given in Talde 12. 

The tests have demonstrated that the detrimental influences of defects 
on the strimgths of columns decrease as thi‘ ratio l/d increas[;s until 
l/d~K. I'or longer columns the tt‘sts show that the; Euler formula is 
accurate for pin end columns. To obtain safe loails, a factor of safety of 
3 is recommended. With the available data and usual conditions, the 
laboratory do('s in)t find it advisable; to inen^ase the pmmitted loads for 
squan; end columns V)(‘yt)nd those recommendr;d in the following formula 
for columns with pin ends. 

The Euler formula for long columns with a factor of safety of 3 is 

P - P 

— =—“ between l/d = K and //fi = 50. 

A \ifo{l/d,)^ 


Tension. —Where wood is used in direct tension the fiber stresses per¬ 
mitted in bending may be employed safely, provided joint details are 
properly designed. When the grades of joists or beams arc used to carry 
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teriHion, a.s in bottom chords of trussrs, defects may be allowed to increase 
in size toward the ends of iht) members due to the gradual imposition of 
stress through splice plates. 

Limitation on Dfifeds .—In the joist and plank grades restrictions are 
made so that allowable fiber stresses may be applied to either broatl or 
narrow faces of these; members. For material 5 in. and thicker loadtal on 
the broad face, the knot requirement for the brojid face is the same as 
givtvn in the rules for the narrow face. Timbers of stjuare or lUMirly squari; 
s(;cl.ion which are to ho subjected to bending should be stdected on the 
basis of beam and stringer grading rul(\s, but care should be exercised to 
see that knot restrictions are applied to the proper faces. 

In string(*rs of two-span length subj(‘et to moving loads the same 
restrictions should b(^ imposed on defects occurring in mitldle tAvo-thirds 
length as apply to tin; middle third of the li^ngth of a single span stringer. 

Basis of Working Stresses .— In obtaining the tabulatiMl working stressi;s 
the Forest Products Laboratory considered both the elastic limit and 
ultimate strength, but adopted the latter as the more reliable basis for 
determining safe working stresses. The factors of safety vary with the 
duration of stress. Under the recommended str(‘ss(\s for tiinl)ers in dry 
locations, the average timber in a building has a factor of safirty of G 
for impact loading, 4 for a load lasting 5 minuLes, and 2} for a loading of 
long duration. Approximatidy 1 per cent of the pieces of very light 
weiglit carrying maximum d(;f(‘cts permittiMl in a givtai grade would 
probably brtvak if strc‘ssi;d 50 per cent above; the recorniiKMidiMl valut; for 
10 years. New timbe'rs in bridges have factors of saf(;ty about 15 per 
c(‘nt liigher than thc' al)ove. 

The rf;commended working stresses are based upon the strength of 
the cli‘ar grtnai wood of the given sp('cies and are varicMl in accoiilance 
with the following: I'ixtn'me fiber stressi‘s in bending an^ varied Avith gratle, 
tyjK; of exposure*, and sizi; of piece; horizc)ntal shear stresses, with grade; 
stress(‘s in compression parallel to grain, with grade and exposure; strt‘sst;s 
in compr(‘ssion peri)eiuiicular to grain, Avith exposure. Modulus of 
elasticity values uro considered con.stant for all grades, t;xposur(*s, and 
sizes. In the highest stress grades, the allowabli; i*xtr(‘me fiber str(*sses 
range from 75 to 94 per cent of the basic str(*ssi*s of green clear Avood. 

250. Grading Rules.— As a typical example of modern timber specifica¬ 
tions, the gf*iu‘ral retiuireinents for structural bi*ams and timbi‘rs is iiis(*rtefl. 
These are folloAVcai by Table 11, Avhich contains defect ri*strictions that these 
stnictiiral timbers must meet- in order to be iiicluiled in tlie stress grade 
JSOOf. Vor other stress gradj* requirt*ments for joists and planks, beams 
and stringirs, aiul posts and tiinb(‘rs consult the A.H.T.M. Standards or 
the A.R.J'kA. ManiiaL A r6suin6 of the stnxss grades Avith size require¬ 
ments and working stresses is appended in Table 12. 
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EXTRACTS FROM STANDARD SPECIFICATIONS FOR STRUCTURAL 
WOOD JOIST AND PLANK, BEAMS AND STRINGERS, AND 
POSTS AND TIMBERS 

(See A.S.T.M. Designation: D 246 37.) 


Gen eh al IIequirementh 
A pplurng to All Streas-Gratlcs aful Ile/m 

Manufacture.—1. All irial-iTial shall l)f‘ vi nll-iTiaiiufiii-tiirPil. 

Quality of Wood. 2. Nu jiince of exnopiioiHilly light \vi‘igiit, is j)iTinirteJ. 

Decay.—3. Only pitvos roiisisting of sound wood, ir> o I'roin any form of d(‘*ay, arn 
anreptable, unless otherwist: speeifitnl. 

Slope of Grain. 4. Slojo* of grain shall be iiieasunul over a tlistariee suffieieiitly 
gri^at to deteriniiie the giaieral sloj)e, disregartiing sligld loi*al fli'viatifjus. Within 
the middle half of length of pieee, slope of grain shall not st eej)!'!- than speialied. 

Holes.—5. Knot holes and holes from eauses other than knots are measured and 
limitinl as provided for knots. 

Cluster Knots.—6. Cluster knots and knots in groups are not piTnvitted. 

Knots in Joist and Plank.—7. in) Knots on Narrmn Focus. of kn[)t on a narrow 

fane is taken as width between lines enelosing knot and parallel to inlgi^s of j)ii‘e(\ The 
only knots measured on narrow fjiei^.s, exeej)!. spike kinds whieli eross the eornerH f)f 
•side-eut pii'ces, are those that do not show on wide fai*,es. 

(?/) Knots on Wide Faces .—'Size of knot on a wide' face is the average of its largest 
and smallest di.aiindiTs. A spiki‘ knot whi[‘h eross(‘s a etirner of a side-rait piene and 
rontains tin* intersi'ction of the adjar-ent faees, or Avhich extends entirely across a face 
of a piece, shall be measured only on its end or ends, tietwiaai lines parallel to the edges 
of the pieee. 

(c) ]*(:rnii^sihh Incrcdsc in Knot Sizes .—Size of knots on narrow faces and at edges 
[)f wide faces may increasi* pro])ortionately from size j)(’rinittf*d in middle third of length 
to twice! that size ;i,t ends of i)iei!e. Sizi‘ of knots on wide faces may incTease propor¬ 
tionately from size iiennitted at edge to size iiermitted along center liiu*. 

(f/) Sum ftj Knots .—Sum of sizes of all knots within middle half of length of any fai^e, 
measured as specilied by paragraph (a) or (h) for the face under considr-aatioii, shall not 
exceed four and one-half times the size of large.st knot allowed on that face. 

Knots in Beams and Stringers.—B. (a) Knots on Narrow Fco'cs .—Size of knot on a 
narrow face is taken as width between lini!s I'liclosiiig knof and parallel t[i edg(!s of piece, 
exci‘pt that when a knot on a narrow faci* externls into the adjacent one-fourth of the 
width of a wide face its least dimension is taken as its size. 

(b) Knots on Wide Faces. —iSiz(* of knot on a wide face dS its smallest diameter. 
Knots at edges of wide faces are limited to same sizes as nc.^'row faces but are measured 
.according to this paragraph. 

(r) Permissible Increase in Knot Size .—Size of jts on narrow faces and at edges 
of wide faces may increase pro])ortioiiately from jermitted in middle third of length 
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to twirp that size at ends of piece, except that size of no knot shall exceed size permitted 
along ccnttT line of wide face. ^Size of knots on wide faces may increase i)roportionately 
from size jicrmitted at edge to size permitted along center line. 

(fi) Sam of Knotsi .—Sum of sizes of all knots within middle half of length of any face, 
nifinsurial as specified by juiragraph (a) or (?>) for the face under consideration, shall not 
exceed four times the size of largest knot allowed on that face. 

Knots in Posts and Timbers.—9. (n) Knots on Either Face .—Size of a knot is half 
tlie sum of its largest anti smallest diametcTS. A spike knot which crosses a corner of a 
side-cut piece and contains the intersection of the adjacent faces, or which extends 
entirely across a faci; of a piecii, shall be measured only on its end or ends, between lines 
paralJi;] to the edges of the pieci;. 

(f>) Sum of Knots .—Sum of sizes of all knots in anj" (i in. of the length of jnece, 
measured as specified l)y paragraph (a), is not permitted to exceed twice the maximum 
pennissilde size of knot. Two knots of maximum permissible size are not allowed in 
same h in. of length on any face. 

Shakes, Checks, Splits in Joist and Plank and Beams and Stringers.—10. (a) Shakes, 
checks, and ,sj)lits, where pirrinitted in the grade specified later in these speeifications, 
are measured at ends of pii'ce. Only those* within middle half of height ore considered. 
(Height etpiJils width of wide face.) Size of shake is distance between lines enclosing 
shake and parallid to wide faces of piece. Permissible size is determined by width of 
narrow faci^ of piece. 

{h) Check.s and splits are measured and limited in same way as shakes. The follow¬ 
ing limitations apply to both ends but only within middle half of height of piece and 
within three times height from end. (Height equals width of wiile face.) Size of clnscks 
within this portion of piece sh.'dl be taken as their Ejstimated area, along horizontal 
section showing maximum area, dividf'J l)y three times height of piece (Note). When 
checks on two paralhd faces are opposite or ap|)roxiinately so, sum of their sizes is takfm. 
Sum of sizi's of sliakes, cheeks, and/or sjdits shall not (ixce('d permissible size of shake. 

(r) Cher;ks ext-tuiding entirely across end within middle half of height shall not 
extend into piece at center of width of end a di.staiice great,er than size of allowable shake. 

Shakes, Checks, Splits in Posts and Timbers.—11. (a) Shakirs, checks, and splits, 
wherr* pcrrnittcil in the grade speeiJi(‘il later in these specifieations, are measured at the 
ends of the piece. iSizt; of a shake is distance between lines enclosing shake and parallel 
to a pair of iqijDOsite faces. 

(f)) Cheeks aiul splits are measured and limited in the same way as shakes. Size 
of checks wilhin thri‘c tinu*s width of piece from either end shall be taken as their esti¬ 
mated area, along the longitudinal section showing maximum area, divided by three 
times width of jiiecc (Note). Sum of sizes of shakes, checks, and/or splits shall not 
exceed t lie pcrinissibli! size of shake. 

(r) Cheeks exttmding entirely across end shall not extend into piece at center of 
width of end a distance greater than size of allowable shake. 

Notk.—A prartit'id nietliod of iiiapoctiDn in the field to detenninE: theeize of ohecka and splits under 
the above sperifiL'iilioiiB is as follows; 

Till' size of clinrks withii Uie sperifird portion of ilie pieee shall bti taken as the sum of seven depth 
measurements, one on the end jmd three on each side, divided by three. Each measureinenL shfill 
represent the grentest depth of i>njy r heek wirliin the. center half of the hci(;ht; the measurement on the 
end shall be taken at the center oi t width, and the three mcasureinents on each side shall be taken 
at distances of one, two, and three t., s the height of the piece from the end in joist, plank, beams 
and stringers, and the width t)f the pie'^^^^'un the end in posts and timbers. Each measurement shall 
be determined by the penetration into ti^ppfce of a probe ^64 in. in tbiekuess and yi in. in width. 
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uAitij ft I Additional Requirements 

AL BEW 

■Visible to locate it jhen Ilearlwnud or Wane, and Where Density and Close 

an. on an apjiroxi | Grain Are Required 

TjF 3 in- in thicknnsi. I 

, JRh ihipk|-12. where heartwood material is desired, it shall be 

-liickness. it nf piRi-j ^ , 

or Redwood.— ^ .. percentage of heartwood on the girth, or on each face, 

' an six nor more or sjs!. ? point where the greatest Minoiini of sapwood occurs. 

ti.F' treated, there sliall be no heartwood requirement and 

the am'"’-,,, 
nt right angle f piBrrs 14 

Wan .not desired, the specifications should state ^‘Square 

Edge.” I- xi it ‘*^S 2 E.^ 

-'-r farthest f* ^. 

Densi^.^i^n|iy -14. (a) Dense Douglas Fir. —Shall average on either 

one end 01 than .six annual rings per incli in Douglas fir, 

and, in 3 tress- Grai^iijfjrp siiminerwaiml (the dark [inrtioFi nf (he annual ring) 

mi^asured ^|- ^ at a right angle to the annual rings, locatiHi as described 

below. The j between suinrncrw’ood ami sjiringwood shall lie distinct. 

Coarse-gra \cluded by tliis rule shall be acci‘pted a,, dense if av(’raging 

one-half or mui M. 

In boxed-hca^'^'^ '^^‘^' 'fline shall run from the ])ith t i the corner furl host from the 
pith excejit, wheiLoupieaT or l?ot representative, it shall be shifted sidfiiaently to present 
a fair average but-v^j br.uKii'' *•“' 1“^'*^ beginning of the 3-in. iiortion of thi^ 

line shall not be clruiKlffif nr t hen the least dimension is (i in. or less, thi; 3-in. portion of 
the lini'. shall b(‘gin\pcl nVdwn^nee of 1 in. from the jiith. When the least dimension is 
more than 0 in., th(!}^^ ^ •'"f'^'^iun of the liiu‘ shall begin at a distance from the j)ith equal 
to one-fourth the liats'afv^"oih 4 sion of the pii'ce. 

In sidivcut pieces (if Sfiialjt pia'seiit) the center of the 3-in. i)or(,ion of the line shall be 
at the center of the end^''^''^"‘^o ))iec.e. 

If a 3 -in. portion of 'vprp|ine cannot bi^ obtained, the ineasureinejit shall be made 
ov(T as much of a 3-iri. poi’ jion ms is available. 

In case of disagrecini'nt, two radial lines sh.'dl l»e I'hosi'n ami thi' siininierwood and 
nijinlier of rings shall be takcai as the avt'ragi* on tliesi* lines. 

(?i) Dense Lnnghaf or Shorlledf Yellow Fine. —Shall avtaagt' o[i either one end or the 
other of each juece not less than six annual rings jjer inch, and, in addition, one-third 
or inon^ summerwood (the darker, harder portion of the annual ring), measured over 
the third, fourth, and fifth inches of a radial line from the jiith. The contrast in color 
between .suinnierwaiod and springwood sliafi b? .shar]) and the suminr'rwood shall be dark 
in color, i^xcept in pieci^s having considerably above the minimum requirement for 
suinmerwu)od. 


Coarse-grfiined materi.il excluded by this rule shall be aecejited as dense if averaging 
one-half or more summerwood. 

The radial line shall be rejjre.seiitativc of the average growth of the cro.ss section. 
In ciise of disagreement, two radiid lines shall be ehosen, anil the number of rings per 
inch and percentage of suminerw^ood shall be taken as the average determined on these 
lines. 

In boxed-heart pieces the mea.sureraent shall be made over the third, fourth, and 
fifth inehc.s from the pith along the radial line. 

In material containing the pith, but not a 5-in. radial line, which is h jQQ,har ; 
8 in. ill section or less than 8 in. in width, that does not show over 16 so 
S' "’on, the inspection shall apply to the second inch from the ith.' 
t] not show a 5-in. radial line, the inspection shafi 

fa from the pith. 
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In cases where timliers do not contain the pith and^ ^ . - with 

, r XU ■ X- U II I de over 3 in. on an approxif 

any degree of aeiniracy, the same m.spentinn shall be m£ 

radial line bi'Kinniiig at the edge nearest the pith in over in. in iic 

,, 1*1 X XL xu ■ X- 1 'j ■ less in thickness, 

on the sei!nnd inch nearest the pith in timbers 3 in. ni , , ^ 

Close Grain (where required). — 15 . C Inna-Grained ^ ^^halJ 

1 XI xi f I ■ ot less than six nor more; 
average on either one end or the other of each piece n . ,. than 

^ ^ I ■ ■ u ■ I r ^ 1 . than ten nor more than tl . 

twenty annual rings per inch in Douglas nr, or not less , . , , , iirty- 

c ^ ■ I 1 1 1 , • 1. on a line at right angle . ^ 

five annual rings per inch in redwood, measured over 3 ii ® to the 

annual rings located as described below. . 

In boxed-heart pieces the line shall run from the pithi^*^ ^ n’ fiTf the 
pith except, when thii line is not representative, it shall 1 '^ shiftu su leien > present 
a fair average liut the distance from the pith to the ° t e 3 in. jior i^^^^ 


, 6 in. or less, the 3-ii 


When the least d 


1 . portion 


a distance from th 


.mension is 
e pith erpial 


line shall not be changed. When the least dimension i.^i 
of the line shall begin at a distance of 1 in. from the pith, 
more than fi in., the 3-iii. portion of the line shall begin at\"^ 
to one-fourth the least dimension of the piece. 

In side-cut jiieces (pith not present) the center of the 3 ^ bm. shall be 

at the cimter of thi*. end of tin* piece. 

If a 3-in. portion of th(‘ line cannot be obtained, thc^ measuriimn mad(^ 

over as much of a 3-iu. jiortion as is availalile. ^ 

In cast! of disagreement, two radial lines shall be chosen' ^^^^abi’r of rings shall 

be taken as tlie averages on these liii(‘S. 

Pieces of Douglas fir avi'raging five rings or more tha f wi nty accepted if 

cont aining one-third or more summerwood. 

TAIiLE 11.—STUUCTITIUL JIIOAMS ANL^’ ’‘^'''%(!ERS • 

fl.,. 


/ = Extreme fibi^r stress in I lending in pounds jier squai;^^' 

locations. 


U for continuously dr\ 


1600 lb. / Structural Beams and Striw^ers 

DkN.se LoNULEAF iSoiTTlIEIlN PiNE 


Densfj Doii(ji.a.s Fir (Coa.si’ Uicuion) 
Den.sk Douglas Fm (Inlano) 

Slope of Groin .—1 in 15. 

Knots. -Maximum jierrnissible .size in inches: 

N Drninul 

Wiilih r,r 

Pact!, ill. 

5. 

fi. 

8 . 

10 . 

12 . 

14. 

Ifi. 

18 . 

20 . 


iShokvy'i, ('h''''l\,s 


120 In. 8hi 
120 li). Shejir ci 
Ibu/tc. 


Splits: 
’■ Grail 


(Fir) . . 
ViTCulCilePilU') . 

(hi 


* TmIiIr 11 illuHlnilPB nnr i'- 


SllDllTLEAr" 80 U'] 

’HERN Pine 

Oil Narrow FiinR, 


.Miilillp 'Diird 

A (. Oiil nr Linn 

of J.Rne(.li 

uf Wide I'aiM! 

1 J in. 


In in- 


If in. 

1| in. 

li! ill- 

2 :i in. 

1 J in. 

2 | in. 

2l in. 

2 j in. 

2\ in. 

3i in. 


3f in. 


3*2 in. 

Wirilh of Niirrow Fan- 

W'hi’.n (Jrt‘['u 

WliKii tit-.aeiuiind 

1 

1 

tl 

1 

:( 

3 

1 Tl 

8 -.vRn 

1 Width of anv 

f;i CIJ bRiirns 

in .-l.iS.r.M., Dea. 247-37. 

til. 
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TABLE 12.—STANDARD SIZIuS, STRESS-GRADES, AND WORKING STRESSES 
EOR STRUCTURAL BEAMS AND STRINGERS, POSTS AND TIMBERS • 

Standard Sizes: 


NoniinHl thifkm'SHpB..5 in. nnd lliirkor 

Pemiisflibk' ininiiinirii roiii?li tkirkiiessPH in not Biriiiir mid 

it) exL'pod 'JO pnr npiit of pipopB in any nnu shipment: iSfriiiKprs 

5 find R in. i„. 

8 in. and wider. \ in. oR' 

DrEBsed thirkneBBeH, .SIS or .Si’S. \ in. ,,iT 

Nnniiiuil w'idihs.. S in. and wider 

PerniiHBible niiiiiinum rnui»li widths in not to 

exieed 20 per rent of pieces in any one shipment: 

5 and 6 in. 

8 ill. and wider. i in. nil 

Dressed w'idtlis, SID ur .S2J']. ; in. ulf 


Posts and 
Timliers 
iV in. off 

i in. off 
1 in. off 
5 in. and wider 


A in. off 
1 in. off 
I in. uir 


Standard Stress-Grades and Working Stresses for Beams and Stringers: 
(Ct)ntiiui[)u.sly Dry Lnt*,;itions) 


Grades and .Species 

18t)0 lb./Dense Doiudas Fir (ronst and Iiil.and) 
1800)1). / Dense Lon^leiif or Dense Short le:if 

.Southern Pine. 

IROO lb. / nose-Urfiiiied Doiinhis I’ir K’oasi). . 
1600 11). / Dense l-oiiKleaf or Dense .Short leaf 

Southern Pine. 

1 BOO lb. / f'h)se-Graijied Pedufiuil. 

1400 lb. / Tidewater bed (.'v|)reH.s. 

1400 lb. / Oak.. 

1400 lb. / Di'iise Lonuleiif Soulhern Pine. 

1400 lb. / (!l()se-fIrained llialwood. 

1200 lb. / Dense Shorileaf .Siiulhern Pine. 

12t)0 lb. / f !li)He-t tridned lleilwfjod. 

1100 lb. / Port, thford f'edar. 

1100 lb. /'ridewatcr Tted C'viwess. 

not) lb. / f)iik.. 

1000 lb. / "A eBlcrii Ited Cedar. 


Fil)er Stress 

Maximum 

Cf ’iipressioi) 

M ndnliis 

ill Pending 

11 r)i'i/,iiiit ;il 

PeriR-ndif iilar 

uf 

nr 'ren.siun, 

Shear. 

1 1 ) drain, 

Klas l.ieity, 

lb. iu.2 

Ib. in.a 

lb. ili.2 

ill., in.2 

ISOO 

120 

180 

1,600,000 

1800 

1 JO 

180 

1,600,000 

KiOO 

ItK) 

145 

1,600,000 

1000 

120 

180 

1,600,000 

loot) 

SO 

207 

1.21)0,000 

14()t) 

121) 

100 

1,201),OIM) 

1400 

12t) 

500 

1,500.01)0 

14t)t) 

101) 

180 

I.ROD.IKM) 

14t)() 

80 

207 

1.200,000 

1200 

1 DO 

180 

l,60l),0l)0 

12t)0 

70 

207 

1.2I)0,IX)0 

not) 

80 

250 

1,2[M),(M)0 

1100 

11)1) 

100 

1.200,000 

11 til) 

101) 

500 

1.500,000 

1000 

100 

200 

l,tK)0,000 


Standard Stress-Grades and Working Stresses for Posts and Timbers: 
(Conliiuioiisly J)ry Jxn-aiions) 

fyDiiipressioii 
Panillrd to 
(iruin, Short 
f'Dliiinns, ViiluEH 


Cir.'ides and Species lb./in .2 uf A’ 

l.'lOO 11). c DeiLse Dinitilas Fir truast and Inland). l.'lOO 22.5 

1.100 lb. c Dense Cunuleiif or Dense Shorileaf Si)ulhern Pine. 1100 22.5 

1200 lb. c Tidewater Ued Cypress. 1200 20.1 

1200 lb. e Cnuse-rriaiiied Douglas Fir It ’fiasn. 1200 21.4 

1200 lb. c Dense l,i)riijleaf or Dense Shortleaf Srnjlhern Jh'ne. 1200 21.4 

1200 lb. V (^lose-tirained Uedwood. 12 t)t) 20.3 

1100 11). r Douglas h'ir (f'o.ist). llt)0 24.4 

1100 lb. r Oak. not) 21.7 

1100 lb. r riose-Grained Pedwood. 1100 21.2 

loot) lb. f Port tirford redar. 1000 22.2 

1000 11). r Tidewater Ued l'vj)ress. ... 1000 22.2 

loot) 11). c Oak.-. 1000 24.8 

lt)00 llj. f’ Dense I/OiiKleaf Sf)iit)iern Pine. 1 0t)t) 25.0 

1000 ill. riose-OiMined Uerlwoml. 1000 22.2 

000 ib. f Port Orfurd f'edar. 000 21.4 

!)00 ib. c Dense Shartleaf Sf)Uthr*rn Pini*. 000 27.0 

800 ib. c Western Ued f'edjir. 800 22,7 


* Compiled fruni tables and data in .4..S.V'./1/., Des. 245 17. 












































CHAPTER VII 


BUILDING STONE * 

261. Uses and Production. —We shall include under the head of build¬ 
ing stone those stones which are used for ornamentation or for any form 
of masonry construction, as in foundations, retaining walls, buildings, 
bridges, pavements. In some of these constructions stone has been 
employed as a building material since the first Egyptian dynasty. The 
tombs and pyramids of Egypt, the excavated ruins of ancient Troy, 
remains of Grecian and Homan structures, and the many old monuments 
of stone scattered through England, France, Germany, and the Holy 
Land, all bear witness to the use which the ancients made of this material. 
The conditions which govern in the selection of stone for structural pur¬ 
poses are cost, fashion, ornamental value, and durability; although the 
latter property, it must be admitted, is frequently overlooked or disre¬ 
garded, Cost is largely inlluenced by transportation charges, difficulties 
in quarrying and cutting, the ornamental features, and the durability of 
the stone. C-olor and arrangement, and shape of mineral constituents 
greatly influence fashion and ornamental value. Resistance to fire and 
power to withstand weather conditions—factors which are largely influ¬ 
enced by the mineral constitution of the rock—are the most important 
detenninators of durability. 

Suitable stone for structural purposes is widely distributed both in 
this country and abroad. Granite is found in large quantities in Canada, 
England, Scotland, Sweden, and Norway; within the United States, 
California, North Carolina, Vermont, Massachusetts, Georgia, and Maine 
lead in production. Limestone and marble are found abroad in Canada, 
Italy, I'jigland, Algeria, Germany, Belgium, France, and Austria. The 
following states lead in producing limestone: New York, Illinois, Ohio, 
Indiana, Michigan. Vermont, Georgia, Tennessee, Alabama, and Missouri 
provide most of the domestic marble. Sandstone is obtainable in Canada 
and Scotland; Ohio, Pennsylvania, West Virginia, New York, and Cali¬ 
fornia lead the states in production. Trap rock is produced principally in 
New Jersey, Connecticut, Oregon, Washington, and Pennsylvania. Slate 
is found abroad in Canada, England, and France: within the United 

* Referpiiri^^;: Morrill’s iStones for Building and Decoration (out of print), Rios’ 
Bnilding Stones and Clay Products (out of print), Eokol’s Building Stones and Clays 
(out of print), Rios’ and Watson’s Engineering Geology^ Bowles' The Stone Industries. 
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States the principal sources are Pennsylvania, Vermont, Virginia, New 
York, and Maine. 

In i.a3?rtire value of building stone (exclusive of slate), produced in 
the United States was $146,213,128. Of this amount the limestone pro¬ 
duction totaled approximately 62 per cent, the granite 14 per cent, marble 
4 per cent, trap rock 9 per cent, and sandstone 5 per cent. The value 
of the stone sold for various purposes was as follows: 57 per cent, princi¬ 
pally limestone and trap rock, was marketed as crushed stone; 9 per cent 
was sold as rough or dressed building stone; 5.8 per cent, granite and 
marble, was sold for monuments,- 0.5 per cent, chiefly granite and sand¬ 
stone, was the value of the material sold for paving; 4.0 per cent was srJd 
for rip-rap; 0.8 per cent, largely sandstone and granite, was sold for curb¬ 
ing. Nearly fifteen million dollars’ worth of limestone included in the 
above amount was sold as flux. The production of slate in 1937 for the 
United States was valued at $5,605,322. 

252. The Mineral Constituents of Rocks. —Inasmuch as rocks are 
aggregations of iiiinenils, their properties will be dependent upon the 
charact(M’ of iliese cojisiituents. Yaliialilc aid in d(>termining minerals 
is afforded liy the blowpipe and by the reactions of the minerals with acids. 
For identifying minerals, for ascertaining their condition, and for observ¬ 
ing the structural arrangement in a rock, the examination of thin sections 
under the microscope by an export petrographer is often of great value. 
C’hernical analyses of rocks are of little importance except in corroborating 
microstjopic ol)S(‘rvalions. The I’apid determination of mineral constitu¬ 
tion is ordinarily made, however, through naaigiiition of certain physical 
properties. Tlii^ more important of these propert ies an> hardntjss, cleavage, 
streak, color, luster, specific gravity and shape of crystals. 

Hardness is prol)al)ly of most importance for rapid determinations of 
minerals. It is measured by scratching the minei*al with a series of sub¬ 
stances of known variation in hardness, the following scale of Mohs being 
generally used: 

1. Talc, easily scratches with the thumb-nail. 

2. Gypsum, scratched by the thumb-nail. 

3. Calcite, not scratched by thuinVi-nail, but easily cut by knife. 

4. Fluorite can be cut by knife with greater difficulty than calcite. 

5. Apatite can be cut only with difficulty by knife. 

6. Orthoclase can be cut by knife with great difficulty on thin edges. 

7 . Quartz, not scratched by steel, scratches glass. 

8. Topaz. 

9. Sapphire. 

10. Diamond. 

If, for example, a given substance is scratched by calcite and not by 
gypsum its hardness is between 2 and 3. 
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Cleavage is the measure of the ease and distinctness with which a min¬ 
eral may he separated on planes parallel to the crystal faces. Ail min¬ 
erals do not exhibit cleavage anti only a few possess well-inarktaJ cleavage. 
Easy, distinct, indistinct, perfect, and imperfect, are words often used to 
characterize cleavage. 

Streak is the color of the mineral when in form of a powder. It is 
generally determined by rubbing the mineral on a bit of unglazed porce¬ 
lain, called a streak stone. Since the streak of a mineral is constant in 
color, it IS t)f considerable importance in distinguishing the hematites and 
the sulphides of metallic minerals, which vary consideraldy in color of mass. 

Color is a valuablii characteristic of the metals but is less a reliable 
index of the non-metallic minerals, esp(a;ially if they are contaminated by 
coloring agents. 

Luster is the surface appearance of a mineral under reflecttul light. It 
is frequently descril)ed by the following terms: Vitrt'ous (glassy); greasy, 
pearly, resinous, dull, silky and metallic. 

Crystal form is of importance when a mineral has had opportunity to 
develop its natural shape. This is not the normal condition in rock struc¬ 
ture. Nevertheless the form is often of much importance in microscopic 
examinations. 

In the following list will be found the most common mineral constituents 
of building storn^s together with their chemical constitution and more 
important physicjd proixa ties.* 

Quarti', .silicon ilioxidc, is a most valuable constituent of many rocks. Hardness = 

7; sp. gr. =2.66. No cleavage. It i.s a colorless, white to gray sometimes brown to 
black mineral with a white streak and vitreous luster. It is soluble in hydrofluoric acid 
only and weathers well. I'd/U is a iion-crystalline form of silica. 

Feldspars are a group of silii‘-ates of alumina with j)Dtash [Drlhodnsp) or wdtii soda or 
lime iphigiodase), Hardnejs,s = 6; sp. gr. 2.62 to 2.75. Cleavage is good on two mutu¬ 
ally perpendicular planes. The streak is white and the luster vitreous to i)early. 
Orthoclase varies in color from deep pink to whitish pink, pkigioclase from gray I n white. 
Feldspars are le.ss durable than quartz. 

Micas are silicates of aliuniiia with hydrogen and potash [niuscovilv) or wdth iron, 
magnesia and hydrogen (fnnfifc). Hardness =2 to 3j sp. gr. =2.7 to 3.2. Micas may 
be split along one plane into very thin tough plates. Their luster i.s vitreou.s In j)early 
and their streak is colorless or gray. In color, muscovite is colorless or gray to brown; 
and biotite is brown to black. Micas, especially biotite, do not weather well. 

Amphibole commonly occurs as hornblende, a complex silicate of iron, lime, mag- 
iie.sia and alumina, or sometimes as ireinolile, a silicate of lime and magnesia. Hard¬ 
ness =5 to 6; sp. gr. =2.9 to 3.5. Cleavage is perfect on two jdanes 124“ apart but 
the mineral cloi\s not separate into flakes like mica. Luster is vitreous and streak 
uncolored, grayish or brownish. Hornblende is dark green to black, tremolite is white 
to gray. Hornblende w'eathers fairly well, tremolite poorly. 

Pyroxene is chiefly found as augite, a silicate of lime, alumina, magnesia and iron. 

* For further information see Engineering Geology by Ries and Watson or Optical 
Mineralogy by N. H. and A. N. Winchell. 
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Hardnesses to 6; sp. gr. =3.2 to 3 6. Cleavage is good on two planes 93" apart. 
Color is green to black, Resembles hornblende and weathers fairly well. 

OliviTiP, a silicate of iron and irfagnesia, is a round!-grained, greenisli mineral having 
a hardness of 6 to 7. Its cleavage is indistinct, luster vitreous, and streak uncolored. 
It weatViers poorly. 

Chlorites arc a group of aluminum silicates containing iron and magnesia. They 
aiB of greenish color and have cleavage proj^rtics like mica, but less clastic leaves. 
Hardness =2 to 2.5, Streak is white to green. 

Garnets are commonly silicates of iron and alumina; less often the silicates may 
contain lime or magnesia. IIarcliicss = 6.5 to 7.5. Cleavage is poor, streak white, 
color red, and luster vitreous. 3'Jiey render stone diflicult to dress and polish. 

Ser'penHne i.s a hydrovis silicate of magnesia having a greenish color and soapy 
feel. Hardness is usually about 4. The streak is Avhite and luster greasy. It is sol¬ 
uble in hydrofdiloric acid and has poor resistance to weather. 

7’alr, another hydrous .silicate of magnesia, has a hardness of 1. Splits into thin, 
brittle plates. Color is white to green, luster pearly. Soapstone is a massive form of talc. 

Calvile, caleiuin carbonate, elTervesces in diliiie cold liydrochloric acid. Its color 
is quite variable, white when pure. Hardness = 3. ^Sp. gr. =2.72. Cleavage is per¬ 
fect in three directions. {Slowly dissolved by waters containing traces of acids; not 
very durable. 

Dolomite, calciiun-rnagnesiuin carbonate, resembl es i:alcite. Hardness =3.5 to 4. 
Sp. gr.=2.85. Its color is often pink and white. l‘]lTeTvesc(‘S in hot dilute acid but 
not in cold. Le.ss solulile than calcite but not very durable. 

Gypsum., hydrous l•alciuMl .suljdiale, is a colorle.ss or white mineral. lis hardness 
is 2; sp. gr. 2.32, cleavage perfect in one plane, streak white. It is soluble in hydro¬ 
chloric acid and slightly so in water. 

Linionite, a hydrous sesquioxide of iron, has no cleavage. Its streak is yellowish 
brown. Hardness = 5 to 5.5. 8i). gr.=3.6 to 4. Color varies from yellow to dark 

brown. Soluble in hydroehloric acid. 

Maynvhte, a combination f)f fi^rrous ami ferric oxides of iron, is a black, strongly 
magnetic iniMeral. Hardne,ss = r) 5 to 6.5; .sj). gr. =5.11) to 5.18. deavage is indis¬ 
tinct, luster metallic, and streak l)lack. Slowly soluble in hydrochlorie acid. Rusts 
on w’eathenng. 

Pyrite, iron disuli)hide, is a very eomninn imjiurity in rf)ck.s. C-olor is brassy 
yellow^, streak green to black, luster jiietallii’. It has no cleavage. Hardness =6 to 
6.5; sp. gr. =4.95 to 5.1. Oxidizes readily when exposed to the weather. 

IMPORTANT STONES FOR STRUCTURAL PURPOSES 

263. Classes of Rocks.—In aueoidaijuu with geological origin, rocks 
may bo classified as iyvcouH, formed by the more or less rapid cooling of 
molten material from ijisiile of the earth; sedmimiiary^ consolidated from 
particles of decay oil rocks which have been deposited from streams of 
water; and nieiamorplnc, either igneous or sedimentary rocks which have 
undergone structural change due to pressure or heat. I'or structural 
purposes granite, gneiss, trap rock, limestone marble, sandstone, quartzite 
and slate are the most important rocks. Of these, granite and trap rock 
are igneous, limestone and sandstone are sedimentary, and gneiss, marble 
quartzite, and slate are metarnorphic rocks. 
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264. Granites are hard crystalline rocks of igneous origin which 
have cooled before coming to the earth's surface. True granites consist 
chiefly of orthoclase feldspar and quartz plus small amounts of mica or 
hornblende. In commerce, and among quarrymen and engineers, the 
term granite has a broader meaning; it includes practically all of the 
crystalline igneous rocks such as the syenites, which consist of feldspar 
plus mica or hornblende; the diorites, which are mainly hornblende plus 
plagioclase feldspar; the coarse-grained gabbros, which are chiefly pyroxene 
plus feldspar; pyroxenites, which are composed essentially of pyroxene; 
and peridotites, w'hich commonly consist of olivine plus p3TOxene or horn¬ 
blende. Although the large majority of American stone sold for granite is 
correctly named from the geological standpoint, we shall use the term as 
applied commercially herein. For most granites the chemical constitu¬ 
tion will fall within the following limits: Silica, 05 to 75; alumina, 12 to 18; 
potash, 3 to 6; soda, 2 to 5; with lime, magnesia, and the oxides of iron 
less than 2 per cent each. 

The uses to which granite may be put are largely dependent upon the 
size of the crystal grains, the uniformity of the structure, the color, and 
durability. Oidy those fine-grained granites, in which the crystals are a 
fifth of an inch or less in diameter, are suitable for work which is to be 
polished or carved. The medium-grained stone may be used in building 
constru(!tion but the very coarse-grained rocks are, in most cases, only fit 
for crushed stone. Photomicrographs of thin sections of granites are 
shown in Figs, la and Ife. 

The uniformity of the structure of granite is often broken in several 
ways. Riji is an obscure plane, often nearly horizontal, along which the 
rock can be most easily split; graiJi is the plane perpendicular to the rift 
along which the rock splits, but with more difficulty than along the rift; 
and head or cut-off is the plane upon which the stone does not split. It is 
likely that both rift and grain were caused by strains set up in cooling from 
the molten state. Joints arc fractures, produced by internal cooling 
strains or temperature changes, which separate the rock into sheets or beds 
running parallel to the surface. The above-mentioned structural imper¬ 
fections generally render the stone easier to quarry; although, in 
some cases, where the layers are very thin or the joints are badly 
disintegrated, they are detrimental to its use. Segregations of minerals, 
which cause spots or knots, and inclusions of rock fragments, are, 
however, defects which may render the rock worthless for ornamental 
purposes. 

Most of the valuable granites are gray or red, although green, black 
and yellow stones are in use. The color of the lighter stones is largely 
determined by feldspar, whereas biotite, hornblende, augite, olivine and 
chlorite color the darker rocks. Since biotite, olivine and chlorite weather 
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ini Tiuely Ciystalline Graiiite. (b) Coarsely Crystalline Granite. 



Hornblende Schist. (d) DiabnsB, a Variety of Trap Rock. 



(g) Very Fine Grained Sand.stonc. (/i) Course Grained Sandstone. 

Fig. 1.—Photomicrographs of Various Stones (Magnification = 14 diameters. Crossed 
nicols used on a, h, d, c, f, and h. Taken by L. W. Brown.) 

De^mptiims (Cnurtwy of Prof. A. N. WiochclI.)—(») Principally feldspar (several Urge orystBls) 
anil mii;a (feathery BlrucUirR). 

(b) Largely quartz (white) and feldspar (dark gray); Btrnngly interlnnked erystala. 

(c) rrincipally hornblende (gray), feldspar and quartz (whiLe); some magnetite (black); mtop- 

lucking erj’-Htal.s. _ v - i i • 

(rf) Largely augite (gray), and plagioclase (long, black and white cryalalH); interlocking crystals. 

(fi) Nearly all ciilcite; aonie of the grayish portions are limoiiite. 

(/) Nearly all nalritc erystala; not well inti-rlor.kBd. 

(ff) Chiefly quartz graiii.s (white) with abundant magnetite (black). 

(^) McBtly quartz (white), feld,spar (white with fine parallel lines), biotite and magnetite (both 
black), lime carbonate cement. 
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poorly, rorks nontaining; them are less durable than the lig;ht-eolored roeks, 
which are likely to l)e from them. 

255. Gneiss.—A g;ranite which has become laminated through meta- 
morphism is called a gneiss. Evidently there are as many varieties of 
gneiss as there are granites. Many of the gneisses of the Eastern states 
are very hard and durable; they are much used in construction but rarely 
for ornamentation, (ineiss in which the foliation is very fine is called a 
schist, Fig. Ic. 

256. Trap Rock.—Originally trap rock was the term applit'.d to cer¬ 
tain igneous roeks which occurred in massive layers, or in columns that 
presented a steppetl appearance. At the present time trap rock includes 
the heavy chaise igneous rocks which are of dark color and which, due to 
rapid cooling, are very fine-grained. 13a.salt, diabase, the fine-grained 
gabbros, and occasionally fine-grained diorites, are the main types of rocks 
so classified. 

Basalt is a black, impc'rfectly crystallizcal rock which consists mainly 
of augite and plagioc^lase feldspar. It is found quite commonly in Cal¬ 
ifornia and the Northwestern states. Diabase (Fig. Id), is quite similar 
to basalt in mineral composition, but is more perfectly crystallized. In 
color it varies from green to a grayish black, the green dialiases biang col¬ 
ored by olivine or chlorite. Sheets and dikes of diabase associated with 
red or brown sandstoiu* ai-e wid('ly found in the stat(^s along the Atlantic 
Coast. The chief difference between gabljro and diabase lies in the kind 
of pyroxene, galibro containing a foliated form. Gabbro is found in 
Maryland and in Minnesotii. Diorite is a dark gray or greenish rock con¬ 
sisting of plagioclase ft'ldspar and hornblende sometimes with a small 
amount of biotite. It is found in New York, Pennsylvania and Texas. 

Owing to their somber colors, toughness, and the difficulty exi)erienced 
in quarrying and cutting trap rocks, little use has been made of them for 
building conslriu;tion. When crushed they make good road metal and 
aggregate for concrete. In California trap rock is also considerably used 
for paving blocks. 

267. Limestone.—It is (piite probable that most of the limestone 
deposits of the Unit.etl States were formed from the remains of corals, 
molluscs and olhta’ calcareous organisms when the ocean covt'red these 
portions of the earth’s surface. Limestone is the trade najiie for all 
stratified rocks, which consist principally of cah;ite or a combination of 
calcium and magnesium carbonates. Limestones which contain a con¬ 
siderable proportion, say 15 to 40 per cent, of magnesian carbonate are 
called magnesian limestones; those which contain approximately equal 
amounts of the two carbonates are dolomites; and those which consist 
principally of magnesian carbonate are termed magnesites. 

In the majority of limestones the content of lime plus magnesian car- 
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bonates will run over 75 per cent. When the silica content- ^ high the 
stone Kia(l(\s into a sandstone; if the clay content runs high, it approaches 
shale. Many limestones arc contaminated with some or all of the following 
compounds: (day, flint, sand, iron carbonate, iron oxide, iron sulphide, 
gypsum, and alkali carbonates. Of these impurities, quartz veins, flint 
seams and pyrite inclusions are objectionable if the rock is subjected to 
the weather. 

Generally the grain of limestone is so fine that individual crystals are 
not readily distinguished l)y the eye (see Fig. le). In color, limestones 
vary from white to black, although the gray and blue renrks are the most 
abundant. Iron compoumls are responsible for the pink, red and yellow 
varieties, while the pri'sence of carbonaceous material is commonly the 
cause of the blui^, gray or black color. 

In addition to the varieties already meiiiinned several other classes of 
limestone are sometimes used for building construction. Among these 
are the famous oiilitie limestone of Indiana (Betlford stone), which is com¬ 
posed of minute round grains cemented together; the lossiliferous lime¬ 
stones of Ohio; th(i coquina of Florida, a soft limestone which consists of 
a cemented aggregation of nmre or less broken shells; and the travertine 
of Italy, the calcartnius constituents of which were deposited by running 
streams or springs of hot water. Italian travertine was used for the 
interior of the Pennsylvania Terminal in New York City and the old 
Coliseum at Home. 

258. Meirble.—When a limestone or dolomiti', has iK^come crystallized 
through the condnned influence of gieat heat arnl pressure it is called a 
marble. C'tjinmert'ially, however, the Umw marble is often apfilied to any 
limestone wliirdi is ca|)able of taking a polish; for exam[)le, the non¬ 
crystalline fossiliferous marbles of Tennessee. Besides calcite and dolo¬ 
mites, marbles often contain impurities, sucli as mica, r)yrite, iron oxide, 
quartz, trcinolite and carbon. With the possible exception of carbon, 
any of these impurities in sc‘gregated form is likely to cause tJie stone to 
weather non-uniforndy; mica and pyrite are esiiecially bad in this regard. 

Mf)st of the more desirable marbles arc finely ciystalline rocks (Fig. 1/), 
of white or gray color. Many of the marbles of the New England States, 
New York, Georgia and Alabama are of this tyix\ However, l)oth in tex¬ 
ture and color, marble is subject to considerable variation. In some stones 
crystals J in. in diainetia- are in evidence; while in the ornamental but non¬ 
weathering brecciated marbles the stone body is made up of small par¬ 
ticles of crushed rock cemented by mineral matter. The colors of marbles 
range from Ixautiful shades of i)ink, yellow and red to blue, brown and 
black. Iron compounds are generally responsible for the yellow and red 
shades, while carlxmaceous material produces the gray, blue and black 
hues. 
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Onyx marble is another type of ornamental stone which is of some 
importance commercially. These translucent rocks consist of colored 
bands of nearly pure calcium carbonate which have, been formed by the 
deposition of layers of colored calcareous sediments from springs and 
streams of cold water. California, New Mexico, Arizona, and Utah pro¬ 
duce small quantities of onyx marbles.* 

259. Ssindstone.—For the most part, sandstones consist of quartz 
grains cemented together by silica, clay, iron oxide, or lime carbonate. 
Feldspar, mica and pyrites are common accessory minerals. Sandstones 
are of sedimentary origin and have resulted from the consolidation of 
sand and gravel beds which either contained the cementing substance or 
were impregnated with it during the process of solidification. 

Inasmuch jis the color, hardness, strength and durability of sand¬ 
stone are due largely to the binding agency, a knowledge of the (iharacter 
and condition of the cement is of great importance in judging of the value 
of this stone. Silica forms the most enduring binder, but it is likely to 
render the stone hard and difficult to work. Clay in combination with 
silica often makes a good binder; when segregated in seams it forms planes 
of weakness. Also since a clay cement greedily absorbs water, it probably 
weakens the resistance of the stone to freezing. Iron oxide is the main 
coloring agent and provides good bond. Probably the poorest cement is 
lime carbonate which, although strong, is somewhat soluble in rain w^ater, 
and consequently weathers poorly. 

Sandstones with a lime carbonate cement are termed calcareous; 
those containing an iron oxide binder are called ferruginous; and those 
having a clay cement are sometimes called argillaceous sandstones. Quartz¬ 
ite is a hard, metamorphic sandstone containing a silicions cement. 

The textures of sandstones vary greatly. In most of the ornamental 
varieties the grains are less than a fiftieth of an inch in size, whereas some 
of the stones used for rough work contain stone particles several inches in 
diameter. Figs. Ig and Ih show fine and medium-grained sainlstones. 
Sandstones containing rounded pebbh^s are (‘ailed conglomerates; those 
having inclusions of angular stone are breccias. 

The yellow, red and brown sandstones are generally colored by the 
oxides of iron; bluish and greenish shades are often caused by pyiite or 
iron carlxmate; (day is likely to make the stone gray. 

The following varieti(>s of sandstone are of chief importance in building 
construction in the United States: Brownstone, a sandstone of granitic 
origin containing more or less feldspar and mica which is found in the 
Connecticut Tliver Valh'y and in the Middle Atlantic States; Medina 
red sandstone of New York; Potsdam sandstone, a hard, red to brown 
rock quarried extensively in New York and to some extent in Northern 
* True onyx is a translucent silicious rock of wavy banded structure. 



THE DURABILITY OF STONE 


243 


Wisconsin; and Berea sandstone, a finely crystalline stone of uniform tex¬ 
ture and light yellow-gray color found in Ohio. Bluestonej a thinly 
bedded argillaceous sandstone found in New York and Pennsylvania, 
makes hard, tough flagstone. Gray Medina sandstone from New York, 
the Kettle River sandstone from Minnesota and the Ablemaiis sandstone 
from Wisconsin are used for paving blocks. 

260. Slate.—When a clayey shale has been consolidated by great 
pressure to form a rock which may be cleaved into thin sheets, the name 
slate is applied. A few slates, also, have originated from the metamor- 
phisrn of igneous rocks. From the compilation of a large number of analy¬ 
ses by Eckel * it appears that most slates contain from 55 to 70 per cent of 
silica, 9 to 25 per cent of alumina, with small percentages oi iron oxide, lime, 
magnesia, and the alkalies. The presence of iron sulphide is undesirable, 
since in weathering it is likely to produce rust discolorations on the surface 
of the slate. Slates (exhibit a wide range in color from green to black. The 
green varieties commonly owe their color to the presence of chlorite. 
Most of the non-fading slates arc gray or black in color. 

About three-fourths of the slate produced iu this country is made into 
roofing and the majority of the remainder is used for structural and elec¬ 
trical purposes, blackboards, and grave vaults. 

THE DURABILITY OF STONE 

261. The Weathering of Structural Stone.—This term includes the 
resistance of stones, wlnai exposed to the weather, to all the ilisintegrating 
actions of heat and cold, water, frost, and chemical aidion, wdnch combine 
in this climate to effect the rapid decomposition and destruction of most 
of the rocks, and of many of tho.so which have been stdected for building 
purposes. A stone building or monument should remain in good preser¬ 
vation for hundreds of years, but more* commonly they l)egin to scale and 
crumble before they are twenty-five years old. The life of a rock may be 
many thousands of years in Egypt, or Italy, or Greece, when it would not 
last as many scores of years in the United States. 

In quarrying and cutting the stone certain conditions arise which affect 
its weathering properties. Stone from the top ledges of limestone, granite 
and slate and from the exposed faces of the rock bed is likely to be less 
hard and durable than material unexposed to ground water and the 
weather. The method of blasting and cutting also influences the strength 
of the stone and its resistance to freezing and tempci^ture changes. Small 
charges of powder uniformly distribq^d have a lesser weakening effect 
than large concentrations of exolosives^l[|Renef \t^ hammering in cutting 
is also likely to injure the stone. Some claim sa^l^ut stone is more dur- 
• Building Stones and ClaySj p. 97. 
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able than that finished by the hammer. Doubtless polished stone is more 
enduring than rough surfaced work, since the rain slides off the former 
more easily. Quarrying of highly absorbent stone, like the more por¬ 
ous sandstones, in freezing w(>ather is bad practice, since the rock is full 
of quarry water and is likely to be split by freezing action. Although 
most stones work more readily when freshly cut and full of quarry water, 
yet it is unwise to lay stone in a wall immediately after quarrying. Such 
procedure hinders evaporation of the water and thereby lessens the 
strength of the stone.* In la 3 dng stratified rock, like argillaceous sand¬ 
stones, brownstones or gneisses, the natural beds should be placed hori¬ 
zontal in order to secure maximum weathering resistance. 

Prol)al)ly the most important disintegrating agent in the case of rela¬ 
tively impervit)us rocks is the variation of temperature. If one con¬ 
siders that most of the rocks arc coniposcd of minerals, each of which may 
have a different coeffit'ient of expansion and that the crystals of a given 
mineral have different coefficients along their different axes, it will be appre¬ 
ciated that the unequal temperatures in various parts of a stone due to 
the way it is exposed must produce large stresses and deformations within it. 
Furthermore, experiments have shown that then^ is always some s(5t after 
the temperature has been reduced (sec; Art. 267). Consequently, the 
alternate expansion and contraction due to unequal heating by the sun 
slowly but surt^ly l)reak down the structure of the stone. 

The porosity of the stone and the character of its pores affect its 
resistance to freezing. A porous stone is It'ss resistant to freezing than a 
denser stom^ of like pore structure and composition. It is probable that a 
porous stone* having large pores and small tul)es connecting the pores is 
weakened more freezing than a stone having large port's and laige con¬ 
necting tubes. Also rocks with tortuous i)or(*s and tubes are more 
apt to injured by freezing than those of equal porosity having straight 
pores and tubes. 

Pyrite, magnetite, and iron carl)onate oxidize* in weathering and cause 
discoloration of the stone in which they are present. Siin^ this oxidation 
is accompanied l)y a change in volume, the surrounding structure is weak¬ 
ened. When, however, pyrite is ver^'^ finely and iiniforinly distributed 
through the stone, as in Berea sandstone, the structural injury due to 
oxidation seems to be negligible. Pyrite inclusions in limestone, or in a 
calcareous sandstone, are very objectionable since they may form sul¬ 
phuric acid during the weathering process and the latter attacks the lime 
and magnesia compounds. 

Inasmuch as the atmospheric water and rain of most large cities con- 

* It i.s claimed that the evaporation of the quarry water leave.s the mineral matter 
which it contains in the pores of the rock, thus producing a denser and stronger surface 
on the stone. 
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tain appreciable quantities of acid, niainl}’ carljonic and sulphuric, the 
solubility of the carbonates, and to a lesser extent biotite, plagioclase feld¬ 
spars, and hornblende, should be remembered when selertin^; building 
stones for such localities. Limestones, marbles, the laminated micaceous 
brownstones, and calcareous sandstones arc the greatest sufferers from the 
solvent action of acidulated water. 

The following tal)le prepared by Dr. A. A. .lulien shows the estimated 
life of various building stones when exposed to weather in New York City.* 


Kind of 8tonc. Life in Years 

Coarse l)rnvvnstone.:. 5 to 15 

Fine laminated brownstone. 20 to 50 

Compact brownstone. 100 to 200 

Bluestone (saiuLstone), untried, prolnibly eenturies. 

Nova Scotia sandstone, untried, perhaps. 50 to 200 

Ohio sandstone (best silicious variety), perhaps from 
one to many eentiuies. 

Coarse fossiliferous limestone. 20 to 40 

Fine oolitic (Freneli) limest,one. 30 to 40 

Marble, coarse dolomitic. 40 

Marble, fine dolomitic. 00 to 80 

Marble, fine. 50 t o 100 

Granite. 75 to 200 

Gneiss, 50 ytairs to many eenturii\s. 


Efflorescence on lirnestone can often be renioviMl l)y a bhist of steam at 
125 lb./in.- pressunv, followed by an immediate washing with a 5 j)er cent 
solution of formic acid.f 

262. Preservative Coatings for Stone Work.—Among the more valuable 
pn'.servalive treatments ap|)lied to detca’iorating storui work are boiled 
linseed oil, paraffine, and ijaraffinc or wax in volatile solvents. Before 
application the stone work must be clean and dry. IJiulei- severe exposures 
treatment renewals will be occasionally rcquirejl. 

Boiled linseeal oil is brusheil on in two or tlijaa* coats :iih1 followed by a 
tioat of dilute ammonia in warm water. The latter application unifies 
the discoloration produced l)y the t)il. 

Melted paraffine is sometimes ai)pliefl by a brush and then forced into 
the pores of the stone by heating the surface to a temperature of about 
00° C. Tn treating the surface of the ICgyptiari obelisk in New York City, 
the paraffine contained a solution of creosote and naphtlia. The purpose 
of the creosote was to prevent organic growth on the stone. 

* Kpj)i)rt Tt'iilh Civnsvi.s, ISHO, Vol. 10, p. 301. 

t See Bulletin Ko. 33, t^irdue University; also Brae. A.S.T.iM.^ Vol. 28, Pt. 2, p, (i05 
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For stone of medium or coarse texture, D. W. Kessler (see U. S. Bur. 
Standards RP771) states that paraffine with a melting temperature above 
60° C., dissolved in proportion of 6 to 12 oz. to a gallon of naphtha, makes 
an effective and durable treatment when sprayed or brushed on the work. 
For fine pored stone the addition of 3 to 6 oz. of china oil increases ease 
of penetration, but may cause an oily discoloration. 

263. The Value of Durability Tests.—By far the best, and perhaps 
the only infallible, test of the weathering qualities of any given stone is the 
examination of a ledge of it which has been long exposed, or of an old 
building, slab, or monument made from the same ledge in the quarry. 
Inasmuch as this test cannot be applied to a new quarry without an exposed 
face, and because dural)ility is by far the most important property of any 
building stone, the following artificial tests are sometimes used to determine 
durability: freezing and thawing tests, acid tests, and fire tests. 

264. Freezing and Thawing Tests.—A satisfactory prt)cedure consists 
in preparing 10 representative 2-in. cubes and subjecting 5 to freezing and 
thawing. Before freezing and thawing the cubes are weighed and immersed 
for 24 hr. in clean water; then they are placed in a fre(^zer at 10 to 20° C. 
The test is more drastic if the specimens are frozen immersed in water. 
After they are thawed for 1 hr. in circulated water at 20 to 25° C., the cycle 
is repeated. After intervals of 25 cycles, losses in weight are determined, 
and, whenever an apprecial)le effect has been produced, all cubes are crushed 
in wet conditif)!!. The number of cycles withstood prior to marked dis¬ 
integration and the ratio of strength frozen to normal aff ord indices of dur¬ 
ability. Kessler in Tech. Paper 349, U. S. Bur. Sttl., reported that 25 out 
of 65 types of native limestones withstood more than 1000 cycles of freezing 
(in air) and thawing V)efore exhibiting marked ilisiiitegration. 

The resistance of crushed stone can be estimated l)y finding the reduc¬ 
tion in particle size after 100 or more cycles of freezing and thawing. 

From a large nuiid)er of tests on 2-in. cul)es of Wisconsin stones in 
which thirty-five repetitions of freezing were used, Buckley found that 
granites and rhyolites * lost less than 0.03 per cent, limestones less than 
0.30 per cent and sandstones less than 0.62 per cent by weight. In crusli- 
ing tests, frozen samples showed less strength than normal specimens, some 
of the frozen sfieciinens exhibiting less than 50 per cent of the strength of 
equally perfect normal test-pieces. Other results gotten by Baiischinger 
on the effect of fret^zing on crushing strength appear in Table 6. 

Tests by Hirschwald j show that the resistance to freezing is dependent 

* A disuse, fiiiP-gniint>d ignpouvS rork with occasional large crystals of quartz or 
feldspar which has cooled near the surface of the earth and which has mucli the same 
mineral constitution ns true granite; often termed qunrtz porphyry. 

t Reported in //rmdbiir/i dvr BauteiiischEn Geslein^spruf ungj Ilirschwaild; also 
Engineering Geology^ Ries and Watson. 
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on the percentage of pore space occupied by water. In experiments on a 
number of different rocks he showed that a comparatively small number of 
freezings would rupture rocks which were saturated with water under 
pressure, whereas 25 to 30 freezings affected but little those which were 
immersed at atmospheric temperature and pressure. Consequently, in 
making the freezing i.est, conditions surrounding the soaking of the speci¬ 
mens should be iinifonn and the aim should be to fill the pores as much as 
they ever would be filled in service. 

Owing to the length of time and cost of freezing tests, accelerated 
soundness tests, based on the expansive action of crystallizing salt, such 
as sodium or magnesium sulphate, are often used. Essentially the sodium 
sulphate test * consists of 5 or 10 cycles of the following procedure: sub¬ 
merge a 5000-gram sample of crushed rock sized in a standai d manner in a 
saturated solution of sodium sulphate maintained at 21° C. for 18 hr., 
dry at 105 to 110° C. for 4 hr., then cool in air for 2 hr. The losses in 
weight retained on tlie stamlard sieves serve as an index of damage, but 
failure in the test should not be considered conclusive^ evidence of unfitness 
of a stone, 

265. Acid Tests.—To ascertain the resistance of stone to acidulated 
waters and th(i acid atmosphere common to the large cities, tests have been 
made to determine the disintegrating effect of sulphurous and carbonic 
a(iid gases upon samples of stone. In making such tests carefully prepared 
cubes of equal size are drical to constant weight at 110° C. They are then 
placed in a large jar provided with a humidifier of some sort, and so made 
that it may be hermetically sealed. A stream of washed gas is then 
pump(Ml through the jar until all air is expelled. The jar is then sealed for 
two or three days when another application of gas is administered. Al 
the conclusion of a couple of months the test is diswjntinned, and the speci¬ 
mens are examined and weighed. 

In tests on 4-in. cubes of a number of stones, chiefly from New York, 
Wilber f found the maximum percentage losses in weight shown in Table 1. 

In 44-day tests on eleven limestones of Wisconsin, Buckley found a 
maximum loss in weight of 1.13 per cent in sulphurous acid gas and 0.11 
per cent in carbonic acid gas. His 1-in. and 1^-in. cubes were badly dis¬ 
colored and some showed magnesium incrustations on the surface. Outside 
of the weight lost the effect of the carbonic acid gas was not perceptible. 

KSlate is sometimes tested for resistance to acidulated waters by immers¬ 
ing small fragments in a very dilute mixture of hydrochloric and sulphuric 
acids and noting the losses in weight. Merriman J in his tests used 1 part 

* Sec Test for Soundness of Coarse AKgregates, A.S.T.M. Tent. Sid. 

t liulleiin 10, N. V. iStal e Museum, p. 357; also see Building Slones and Clays 
by E. C. Eekel, p. 209. (Out of print.) 

X Bulletin 275, U. S. Geol. Survey. 
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TABLE 1.—THE EFFECT OF ACID ATMOSPHERES UPON DIFFERENT 

STONES. (Wilheb) 


Kind of Stnnp 

No. of Tc.stH 

Miixirmiin Tpi 
Wi‘ij!jht whi'n 

C(h* 

r CpiiI Lohh in 
IrnmiTHi'd in 

IlSzt 

Granite. 

4 

.020 

024 

Marble. 

4 

.017 

.250 

Limestone. 

18 

. 087 

.250 

►Sanilstorie. 

80 

104 

.250 

Slate. 

1 

. 004 

.070 


* T.'sh‘(l ihiys. 1 Tpstcil HI rliij.'-i. 


hy(irofhlf)ric, J part sulphiirir. ar’id and 98 parts of water. Ho irninorstal 
3X4-iii. spofirnons in this solution and doterminotl the dry weight ludoro 
and after a (id-day irumersion period. The averaf»e loss in wei^!;lit of the 
varieti(‘-s whieh he tested ranged from 0.286 to 0.768 ^rain; all l)ut one 
variety liad less than 0.4 jurain loss. 

It should 1)(‘ always borni* in mind when makin^i; tests or eompariiiK 
weight losses in oori’osion tests that a knowhnlge of the s(‘gregated intim- 
sity ol' the aetij)n of the acid is oft-iai of more importance than the total 
loss in weight. 

266. Fire Tests.—During conflagrations stone buildings often suffer 
severely. IJndei' such comlitions stone must l)e classed as inh'rior to 
structural clay or Portland cement products. The comparativi‘ly low 
rcsistanc'e of building stf)ne to high temperatures is undoubtedly due to a 
combination of strt‘ss(‘s set up l)y the great differt'nces in the coefficients 
of (‘xpansioM of tin* constituent minerals, and also to the low heat (a)n- 
ductivity of tin* rock. Quenching with a fire hose ac(;tuituates the stressed 
condition and oft(*n badly cracks the stone or cause's thin slabs to spall off. 

The relative lesislanees of different stojn\s to high temi)inatun\s may 
be c()mpared and tin* effec't of structural and inineralogical diffi*rc*nces 
observed by placing cid)es in a muffle furnace and subjecting them to tem¬ 
peratures ranging from 500° to 900° C, The temperatures shovdd be read 
by pyroinett*rs so placi'd tliat tin* tempei'ature of the specimens and not 
the flame is determined. In this connection it is well to have one or two 
specimens bored to take a thermo-couple, so that the inside temperature 
of the sjx'cimens may be estimated. Wlnm testing cubes 4 in. or less in 
diameter, the temperature should be held constant for at least one-half 
hour. The effect of variations in temperature on the strength of stone 
is a subject deserving of study. 

For determining the resistance of stone work to fire, the only satis¬ 
factory method of testing is to build a small hut or a wall panel of stone 
and mortar and subject one side of the structure to high temperature. 









THE PHYSICAL PROPERTIES OF STONE 


249 


1700° F. after 1 hr. to 2300° F. after 8 hr. are the furnace temperatures 
specified in A.S.T.M. Standards (see Art. 543). 

From a considerable number of tests on small cubes reported by W. I']. 
McCourt {Bull. No. 100, N. Y. State Museum), and others by E. R. 
Buckley {Bull. No. 4, Wisconsin Geol. and Nat. Hist. Survey), the follow¬ 
ing conclusions seem justifiable: 

None of the common building stones, granite, gneiss, liniestone, marble, 
or sandstone, will withstand temperatures above 850° C. Coarsely 
grained granite, gneiss, porous sandstones and the coarsely crystallized 
marldes begin to show signs of disintegration at temperatures as low as 
550° C. Limestone and marble withstaml heating as well tis any of the 
igneous rocks until the temperature is reached at which calcinalion begins 
(600 to 800° C.); then they rapidly disintegriite. Fine-grained, dense 
sandstone with silicious cement is very resistaid to fire, but the good 
aspect of badly disintegrated c\d)es which had been heated to 850° ( ■. indi¬ 
cates that the appt'.arance of this material after a fire is misU^ading. 
Fine-grained granite at 850° C. exhibits more or less cracks but is not 
badly disintegrated. 

Fire tests of panels of stone which were laitl with l)roken joints in 
cement mortar and backed with brick or tile are reported in HulUiin No. 
370 of the U- S. Geol. Survey. The tests were made as indicated in 
Art. 543. Granite, sandstone, limestone and inarble panels were tested, 
the stone for these panels being bo\ight in the (diicago market. The 
stones composing the panels were 4X7:[ in. in (jross-section. Part were 
laid with the narrow edge and j)art with the wide edge exposed. After 
being subjected to a teniperature of 900° to 1000° C. for one hour and 
then soaked with a fire hose, none of the panels were in goojl condition. 
The majority of the stones in each panel were badly cracked and in some 
cases the faces were siialled to the rlepth of 2 or 3 in. No satisfactory 
comparison of the resistance of different classes of stone can be maile on 
the basis of these tests. 


THE PHYSICAL PROPERTIES OF STONES 

267. The Thermal Expansion of Stone.—Aside from its effect in 
weathering of stone, Art. 261, thermal expansif)n has a marlved effect on 
stresses set up in stone when restrained and suljjected to temjx;rature 
changes. Usually stones show variations in their ctjefficients in different 
ranges of temperature; coefficients for limestones are less at room tempera¬ 
tures, or slightly below, than at 100° C. Most stones exhibit permanent 
expansion after heating to the boiling point of water; thus in Tests of 
Metals, 1895 , bars of granite, sandstone, limestone, and marble heated in 
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water exhibited permanent average unit expansions of 0.00019, 0.00026, 
and U.()0()37, respectively. Apparently, from a few tests conducted with 
copper-jacketed bars, a third of this expansion was due to entrance of 
water into the stones. 

The maximum, average, and minimum values from the accurate testa 
made by J. IL Griffth, and reported in Bull. 128 and 131 of the Iowa 
Engineering Exp(^riment Station, have been summarized in Tabic 2. 
In Griffth\s tests the l)ars were heated in an electric furnace, without 
irnmersitjn in water. His data show that for rocks containing silica the 
thermal exjjansion increased with the proportion of free silica. Rocks 


TAHLi: 2.--P1IYSICAL PHOPtnniES OF AMERICAN ROCKS (Griffith) 
Maxinnini, iiu'ilti (in Ixtld fjuu' typi‘), and minimum obstirvod values are reeorded 


Kiitda of Stone 

No. f>r 
Kiiirl.s 

Sliuro 

Mar'liioHH 

Nunibor 

Cot;f. of 
Thoriiial 

XIO 7 
ppr ‘’l'\ 

'rnn? 

(Iruvity 


PEItl’r.NTAriK 

CruahiiiK 

Strength, 

lb./in.2 

in 

Mimirp- 
litjii liy 

W 

Pi.irusity 

by 

Weight 



I 104 

00 

3,04 

1S7 

1.7 

4,1 

42,5[)0 

HhyiiliLo-Cirnnil . 


89 

** 

2 66 

163 

0 6 

16 

23,100 



1 fil 

19 

2.59 

155 

0.2 

0.4 

8,830 



( 0.1 

57 

3 02 

1H5 

4,9 

10.8 

32,7(K) 

Aiid(*Hilf-Diorilo. 

5 

78 

36 

2 76 

177 

12 

2 8 

24,490 



1 60 

23 

2.4!.P 

13!P 

0.0 

0.1 

13,610 



f IPO 

60 

3.00 

1S4 

10 0 

22.0 

38,000 

Ufitovll-( labbro. 

n 

• 79 

31 

2 B3 

172 

11 

2 6 

23,260 



1 .'’•4 

20 

2.70 

138 

0.0 

0.0 

6,540 



1 SO 

65 

2.00 

101 

13.8 

26,4 

33,350 

San list olio. 

K 

67 

54 

2 61 

146 

4 8 

10 4 

16,940 



1 22 

37 

2.52 

133 

0.7 

1.6 

4,920 



1 no 

OS 

2, SO 

170 

0.0 

13 7 

26,900 

Ijiiiii?Htiiiu^DoloniiU*. 

IH 

64 

42 

2 71 

166 

0 9 

2 1 

16,270 



1 2H 

17 

2.05 

143 

0.1 

0.2 

8,470 



1 IP'.) 

44 

3 15 

195 

n.8 

2 2 

29,400 

(iniMSH. 


87 

36 

2 77 

171 

0 4 

10 

20,030 



1 71 

13 

2.02 

103 

0 1 

0.3 

12,950 



1 

01 

2.08 

107 

0 3 

0.6 

43,800 

Quart zi 1 f!. 

.'i 

90 

60 

2 *66 

166 

0 2 

0 6 

33,680 



1 78 

00 

2.03 

103 

0.1 

0.3 

23,440 



1 "'i 

49 

2.88 

174 

1.3 

3.6 

19,100 

Sliil 0. 

4 

66 

44 

2 BD 

172 

0 5 

14 

18,370 



1. ;io 

35 

2.70 

109 

0.0 

0.0 

17,770 



1 00 

51 

2.88 

17.9 

0.8 

2 0 

32,450 

Mfirlili'. 

8 

48 

46 

2 68 

166 

0 3 

0.7 

20,070 



1 IS 

38 

2.50 

156 

0.1 

0.3 

13,180 


having the most free silica expanded most, whereas those having the most 
combined silica expanded least. 

26B. Specific Gravity and Specific W^eight.—The specific gravity is 
an important property for two reasons: The higher the specific gravity 
the greater the stability of an hydraulic structure built of the stone; also 
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for a given kind of stone the strength increases with the specific gravity 
or density, ihe superiority of heavy stone for dam nr retaining wall 
construction is apparent if one computes the ratio of the weights of a 
light and a heavy stone when submerged in water. 

There are three ways of determining the specific gravity of substances 
like stone, all of which are in use to some extent. In the first method, 
used by Griffith, the dried stone is pulverized and the specific gravity is 
found by the method used in testing cement (Art. 409); this method if 
properly applied gives tlie true specific gravity of the stone sul)stance. 
The second method consists in drying the stone to constant weight, coat¬ 
ing it with a thin film of paraffine, and then determining the weight of the 
stone immersed in water. The loss in weight divided into the ilry weight 
gives the bulk specific gravity (i.e., the specific gravity of ilie stone, 
including its pores). The thirtl method differs from the secoml in that 
the dried stone is saturated (?) with wat(‘r and then weighed under water. 
Since it is impossible to fill completely the pores of the stone, the tliird 
method gives results intermediate between those of (he first and third 
methods. If the specific weight is computed by mn'ti]jlying the specific 
gravity by 02.4, the results from the second method are of most importance 
to engineers. Values of specific gravity and specific weight appear in 
Tables 2 to 5. 

269. Porosity and Density.— The porosity of a stone is the ratio of 
tlic volume f)f its pores to the entire volume of stone plus poiM\s. Density 
= 1 —porosity. Porosity may be accurately computed as follows: Tlie 
stone, dried to constant weight, is coatetl with paraffine and weighed 
suspendeil in water. The loss in weight in water divitled liy the weight 
of a cubic unit of water gives tlie volume of stone jilns [)ores. The volume 
of the stone substance may be gotten by dividing tln^ dry weight of the 
stone by the product of the specific gravity of its iiiiwaler aiul the weight 
of a cubic unit of Avater. The jiorosity or the density is then readily 
computed. Griffith’s values for porosity are given in Table 2. 

In tests on a-large nuirilier of Wisconsin and Missouri stones E. R. 
Buckley found the followang ranges in porosity for the diilerent classes of 
rock: Granites, 0.019 to 1.45; limestones, 0.32 to 13.38, and sandsttines, 
4.81 to 28.28 per cent.^^ In calculating the pore space Buckley deter¬ 
mined the volume of water absorbed by the stone under vacuum at a 
temperature of 100° C. 

The per cent porosity in conjunction with the per cent absorption is of 
value in judging of the resistance of porous materials to freezing. 

♦Sue Bull 4, Wisconsin Gcol. and Nai. Hist. Survey, p. 400; and Bull 2, Mo. 
Bureau Geol. and Mines, 2d series, p. 317. 
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'lAJHJ'. a—PHYSICAL PROPERTIES OF BUILDING STONES 


CriniJRiiaed Irtiiii Mf'rrill’.s Slones for Building and Decoration 


KiniJ of Si tuic. 

Locality. 

Position. 

Oj 

IM 

e9 

3 

cr 

in 

Hi 

a 

C ^ 

O O 

l-H-l 

r/j 

Specific Gravity. 

per Cubic 

Foot. 

*0 d 

rt *■ ja 
ft M 

1) ** 03 
L, 0> 

t 

Oi 

‘dumber of Speci¬ 
mens averaged. 

1. rjlraiiitp 

t ir:i|)i‘ Greek, llrnwn.svillc, Law- 
srnj, ri.ille (/afinJi, C^iitopaxi, 
M uii;L.-(*h, Gunnisini— Colo. 

) 

/ RriI 

1 J'llKn 

Lb. 

ir),rj;i] 

IS,,^;!!) 

1 

2.08 

Lb. 

107.0 

1.1 

8 

2. CiiviiiiU' 

LoikIdm, Mill.stnne Pf>int, 
Mvslie. lliver, SlDiiy Crei'k— 
Conti. ViriaUiaven, Fax isl- 
■111(1, Dyer’s Iskiiul, Gily Feint, 

I )ix Iskiiifl, .loiiesl)ern, S]iriiee- 
licafl, Il(!witt’s Islainl, Iliirri- 
e.'Uie Islanil— AJoine. llurnn J 
Isl.'iml— M'frh. 


Hed 

1 li,200 

2.05 

100.0 

0.4 

2t) 

3. Granito 

I'iJist Saint Ginur], Saint (3i)nil, | 
\\:ilat», Sank Hapifls, Heaver 
Hay— AJinn. 

1 

f Bril 
\ Eilj-r 

2i,ini 

21,l(i1 

2.05 

105. S 

0.5 

7 

4. (iranilii 

Gapi* Ann, llnekjiDit, Quiney —1 
A/ffs-.s. / 

Heel 

1(;,07!) 

2.07 

107.0 

0.7 

4 

6. Granite 

lall Itivi'i*, IVlnnson — Afas.'i. 
Keene — A'. //. Tarry! own, 

Mnrrisania, Statiai Islanil, 
Niirih Hiver, Marlisnii Ave- 
nu(‘, (liaunmnt Hav .V. T. 
Wi'steriy - A*. I. Hieliiiioinl 
■ — Iff. 


Hed 

la,570 

2. ()9 

108.0 

0.4 

14 

6. Granite 

X(’\v Havn‘n - rV)///!. Dululh, 
'raylDi’s Falls, Heaver Hay— 
Minn, .h'rsey Gily lleialils, 
Hiniiplun—A'. 7. Geese Greek 
(Lenileun Geunty) — Va. 


1" Hed 

1 i'klKe 

21.272 

20,710 

2. S2 

17(i.2 

0.3 

6 

7. Ijiiiiestniie 
(uiilll ir) 

I’nl naniville, (JreensliurKh, Saint 1 
Haul, llarrisen Geunly, Aleiint 
\ ernen, Hleeiiiin^t en— hid. J 


Hed 

H,054 


15(). 2 

1.4 

6 

S. Liinestmie 

Speiieer, lOlletlsville, Hedfnrd, 1 
Salem— hid. J 


lied 

!l,2!)7 


M5.9 

3.0 

8 

!). Linii'slmil' i 

Hards! own—7v/y. 

/ lied 
\ lOdse 

10,250, 

15,000 

2.07 

100.9 

1.2 

1 

10. Liim'stmie 

L[‘e— Afass. 

[ Hed 

22,;!2;i 




3 



2I,72S 





11. Linieshim' 

Fronteiiai', Stillwater, Winona 
Heil \\ in^, I'iaseta, Alanlor- 
villi-— 


/ lied 

1 

io,;i 20 

nkOTi: 

2.52 

157.3 

3.1 

7 

12. Liiiii'stune 

Gdeiis Falls, T^ake Gliainplain, 1 
( anajoliarie, Kinpsinn, Garri¬ 
son’s Stalion, illiainsville— 

A'. Y. ] 


f Hed 

1 ICtls.' 

10,971 . 
15,533 ‘ 

2.58 

168.1 


0 
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PHYSICAL PliOrEHTILS OF HITILHING S'J'ONIOS— 





1 


1 


■- 


Kiud Ilf Stiiiit*. 

Locality. 

Po-^ition. 

C; 

cj 

3 

cr 

c/j 

C 

B. 

ss 

fc-l ^ 

X 

Specific Gravity. 

IS 

3 

u 

u. 

c. 

Jc o 

Wj O 

■"Ui 

*0 c 

PJ 

oj 

Oi 

■xi Sr 

>*- u 

o > 

^ - 

U CQ 

_a a 

Vb 

13. 

Limestonp 

(iiiiirl»li‘) 

M ont^roinery County— Pa. 

/ Bed 

1 

Lk. 

13,H2 


Lli. 





11,055 




4 

14. 

Liinestniif 

(iiuirl)li‘) 

I lorset— y?rmi)ni. 

f HbiI 

1 

in,5!)(i 

S,(i7() 

2. (ill 104 7 
2.osiii;7.s 


2 

1 

15. 

Lillie.SlDMl* 

(iiiMrl)l(') 

Italy. 

Bed 

12,150 

2.0. 

108 2 


1 

10. 

S.MnLlHlullt) 

Jluekliorn (Larimer Co.), Triiii- ' 
dad (Las Animas Co.), Mani- 
!ou (1<]| l^iso CvO.), Jlals!nn, 
Jii ft Hand, Saint Vairus, I'ort 
C'ollins (Larimer Co.), St on! 
(Larimer Co.)— Colo. 44iistle 
— Utah. 


1 HimI 

\ 

11,111 

12,434 

2.13 

i 

i 

1 

132.0 

6.6 

9 

17. 

►Sands! one 

■Coal Cret'k, Oak Cnn'k (Fre- 
mnnt Co.), Gunnison (Gimni- 
soii Cai.), I\lani!ou (K1 l\iso 
Co,), La Fi)rt(‘ (Larimer Co.), 
Brandford (Fremont Co.)-(Wri. 


1 Hid 

1 

5,4S1 

•1,011 

2.12 

133.0 

13.8 

9 

18. 

Saiidsioiie 

Miililletown, Ikirlland — Conn. 1 
I'last Lonp: Meatlovv— Mass, i 
Mar quel. !(‘— Mich. ) 

Bell 

o,(i:;!) 

;2.27 

142.2 

3.5 

3 

19. 

Sandstnno 

Hinekley, kVirt ►Sni‘llin|| 5 — Minn. 

/ Hnl 

1 

11M125 
IS,7511 

2.23 

130. !1 

6.0 

2 

20. 

Sjind.sl one 

Dri'sliaeh, Joi dan, Fond du Lae, 1 
Dakota Minn. j 

i 

1 Hril 
\ I'dfif 

5,7S0 

4,102 

1.00 

124 1 

0.0 

G 

21. 

Hands lone 

Fac tor’s I'^dts, Kasota, IFoiile- | | 
nae— Minn. ] 

f Him! 

\ 

7,4 S3 
0,725 

2.28 

142.3 

5.0 

3 

22. 

Samis! tine 

Haverstraw, Hudson River, Al- ) 
hioii—F. J 


f Him! 

1 

8,025 

7,087 

2.28 

142.2 

2.6 

2 

23. 

Sands lime 

Medina -A". F. 

/ Him! 

1 

17,500 

14,812 

2.42 

2.30 

150.8 

140.3 

1.6 

2.0 

2 

1 

24. 

Sandstone 

Vi^rniilioji— Ohio 

/ lierl 

1 liilHH 

7,840 

0,875 

2.10 

135.0 

5.2 

5 

1 

25. 

►Sandstone 

Se.nei;a— 

/ lii'd 

0,087 

10,500 

2.30 

MO . 3 

3.1 

1 

20. 

Sandsi one 

('1 e vtd an d— Ohio. 

/ llnl 

1 

0,800 

7,010 

2 24 

140 0 

2.8 

1 

27. 

Sandstone. 

M arl ihdiead— Ohio. 

/ Hid 

1 JOiIki' 

7,037 

0,850 

2.31 

114.4 

*5.2 

1 

28. 

Sandstone 

Xorl h Amherst— Ohio. 

/ lilMl 

( J<kly;e 

0.212 

5,4.50 

2.10 

133.7 

135.8 

5.2 

2 

i 

20. 

Sandstone 

B(‘rea— Ohio 

Bed 

0,230 

2.13 

133.0 

5.5 

2 
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270. Absorption.—Methods for testing the absorption of stone differ. 
Alder drying 5 or more samples for 24 hr. at 110 to 120° C. and cooling 
before weighing, the absorptujn can be found after submersion in distilled 
water for 14 days, or after boiling 5 hr. (sec Art. 291). 

d'he proportion of the prjre space filler! with water and the rate at 
which tlie rock will expel absorbed water are important criteria of resistance 
to freezing. Mocks which al)sorb enough water to fill the pores and which 
expel slowly are very likely Id be weakened by freezing. 

Values of the percentage of absorption for rlifferent stones may be 
fount] in Ta))les 3 and 4. (Griffith soaked his specimens overnight, brjiled 
them 3 lir., and cooled them in water st;veral hours before determining 
absorption. 


THE MECHANICAL PROPERTIES OF STONE 

271. The Strength of Stone.—The compressive strength of building 
stone is the most coinimndy tested mechanical property; although shearing^ 
anti transverse tests are stunetimes made. 

For rt)ck which is tt) be usetl in road construction toughness and resis¬ 
tance to abrasion are ctnnmon determinalit)ns (see Art. 273 anti Standard 
Specificalitins t)f A.A.S 11.0.). The preparation of speeimens and metht)ds 
of making com|)ression tests are considered in ( h. HI. Considerable 
uncertainty exists concerning methods of preparing anti betitling used in 
obtaining the ttlder data rejjorteil herein, l)ut in Griffth’s tests the bed 
planes wt^re ground anti nt) capping was used. He found the difference 
between tests run parallel and nt)rinal to the rift was oidy 5 to 10 
per cent. 

Frt)ni a study of the relation of the percentage of absorption, A, by 
weight tt) the ultimate crushing strength, in pounds per square inch, 
Griffith ct)ncludcd that practically all the reliable test averages fell within 
the zone (A + 4) =80,000 (1 ±1). 

Although a high crushing strength is important where a heavy loatl is 
to be l)orne by a single stone, other properties may l)c more desirable in 
mastmry ct)nstructions where the inaximum stresses are commoidy less 
than 800 lb. per sq. in. t rushing strengths of the more important stones 
of the United States are given in Tables 2, 3, and 4. 

Owing to faulty rnelhods of quarrying, discrepancies between the rift 
and planes of bedment in the wall, ami owing to irregularities in founda¬ 
tions anil mortar bedments stone is much more likely to crack because of 
the imposition of bending stresses than by crushing. Cracks in lintels due 
to transverse stresses and in walls due to excessive sliear stresses are quite 
common. Consequently, the resistance of stone to these stresses is of 
importance. 
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TABLE 4.—TESTS OF AMERICAN BUILDING STONE MADE AT THE 

WATERTOWN ARSENAL 

(Rep. 1SD4.) 


Name oF Sfcone. 

Weiplit 

per 
Cld.ir 
Tout. 

Compression Tests. 

Ratio of 
J.ati'r.'il 
Expan- 
sioi) in 
Lnnui- 
tudimd 
Conipres- 
siun.* 

SbearinK 

Stmuith. 

Coeffieient 
of Expan¬ 
sion in 
Water 
per "F. 

StrenKtli 
in Pounds 
per .Siiuare 
Inch. 

Modulus of 
Ela.*«t.ieity 
for Work¬ 
ing Loads. 


Lb. 


Lb./ln.= 


Lb. 


Bruiiilford RranitG (Conn.).. . 


I"). 707 

S.;i3.3,3[)() 

0.250 

1833 

. fMKK)0.3.08 

Milfnrrl pranite (Mass.). 

102.5 

2;i.775 

0.0li;i,()00 

1). 172 

25.14 

(MK)00418 

Milfonl prunitr (Ala.'ia.). 






. (XKM)04 iri 

Trijy pianitr (N. 11.). 

1154.7 

20,174 

4,.545,400 

O.IDO 

2214 

(XMM)0.337 

Milfor[l iiiiik praiiitG (Maws.) 

ini.o 

1S.08S 

.5,128,000 


1825 


Pigi'nn Hill ptanhi' (IM.ts.s.). . 

101.5 

lO,li70 

0,000,700 


1550 


Crfult? niarblm (lit'orpia). 

170.0 

1 : 1,400 

0,800,500 

0. :i4r) 

1300 


Chprokti* niarblo (flporpi.'i) . . 

1 (‘>7. iS 

12,018 

0.000,000 

0.270 

1237 

. OOOt HU il 

Et.uwah marble ((iPorpiii).. . . 

100.8 

14,052 

7,843,100 

0 27S 

1411 


Kennesaw marble (Genrpui). . 

108.1 

0,502 

7,517,100 

0.250 

1242 


1 . 1 * 1 ' marble (Miis.s.). 






. rMMMM)454 

Marble Hill marble (Gu ). . . 

1 os. 0 

11,505 

0.000.000 

0.204 

1332 

. 0tHXH)104 

Turknboe marble (N. Y.).. . . 

178.0 

i(i,2t):i 

13 . 50 : 5,200 

0.222 

1490 . 

(MKM)044I. 

Mt. Vernon limestone (Ky.). 

HI 0.1 

7,017 

:),2fUI,200 

0.250 

1705 

. fMMMMJ4i:i4 

neilford blue lime.'Htnne (0.) 


1 0,82:i 

7,250,(MM) 

0.270 

1017 

. IMKKK)389 

Ncjrl;]i Hivcr bluest one (N. Y.) 


22,017 

5.208.800 




Monson Hlate (Maine). 






. (HMHlD.lig 

C/Dopt'i Haiidst one (Orepiin) . . 

I. 0 O .8 

15.1 W.i 

2,810,000 

0.091 

1831 

. (M)0()0177 

Sand,stone, Cromwell (Conn.) 


10,780 


► 



Maynard sanilstoiie (Mjiss ). 

1 :v.i , .0 

0.uS8U 

l.f)41,7lM) 

0. 3 : 1:1 

1204 

(K)n(M)507 

Kibbe .sandst one (Ma.s.s.). 

1. 4 

1 ti,:iii.‘{ 

1 ,s:ii ,0t)0 

0 . ;ioo 

1150 

.00000577 

W(ni*eHl.4'r Handstone (Ma.ws.). 

1:10 0 

0,702 

2,430,000 
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1242 

00000517 
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IM)0U051)O 
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11 ,:i80 



1352 


I)yc'kerholT eurLland eeini’nl. 







n PH ^ 






. 000(K)57B 









* Poiaaon'a ratio. 


In TaV)l[i 4 nm givon the shearing .strengths for a nvnnl)er of American 
stones. Inasmucfi as the majority of tlie.se te,st.s were made by a method 
.similar to that outlined in Art. 514 (Fig. 15, Ch. XIV), the values are 
probably lower than the true shearing strength due tf) [lending. While 
testing the tran.sverse .strength of Wisconsin stone.s, Buekh^y found the 
following ranges in modulus of rupture: Granite, 2713 to 3!)10; lime¬ 
stone, 1164 to 4656, and stand.stonc, 363 to 1324 11). [)cr square 
inch. In Table 6 is presented a series of tests on Bavarian building 
stones. These test.s were made with great care and precision by Prof. 
Bauschinger and reported in his Communications, Vol. 10. The results 
show that there is no fixed relation between the various kinds of strength 
of stone. 

A considerable number of transverse tests were made by Prof. Merri- 
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Fiij. 2.—The Propnrtin.s of V:iriims Fig. 3.—Tho Eliistir Proportics of Va- 

(Iraniios iiiul(T ('nmprnsisivo SixoHs. [ Wot. rioiis Jjinu‘.st;mips unil Marblr.s iinrier 
/Irx. RvpL, IWM.) (’omprossivi' Stri‘.«s. (IVa^. Ars. Rept.y 



rruportloiiatD CuiuprpstiiuD 

Fill, l. -riip FI iisLit; PropiTtirs of Various 8iUidstoues under Comprtssive Sires. 

{Tests of Metals, 1894.) 
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man* on slate specimens which were secured from a luimbor of the Eastern 
states. The specimens were 24X12 in. in plan anti tn J in. thick. They 
were tested flatwise on a 22-in. span. The values of the average modulus 
of rupture for nine varieties ranged from 6410 to OSSO lb. pea- stiimre inch, 
and the average maximum tleflection varied from 0.19 to 0.23 in. Jt 
seems reasonable, therefore, to expect good slate to liave a modulus of 
rupture of 7000 lb. per stpiare inch and to tleflect 0.20 in. at rupture. 

Experiments made at the Watertown Arsenal f have tliown that a 



PrupurlioiMti Uouilui'assiuu 

FifJ. /).- Elii.slii* Prn|iiTt ic's [)f Variim.s .Stinics nuilrr C‘niiijw: ssi vq- Stress (7’fs/.s- ttj 

Aldfjl.s, liS'll.) 

very great loss in tranverse strength rt'sults from iininersing stone in hot 
and cold water. The graniti's wnv tin* least afTe(‘((‘d and th(‘ marbles 
most. The loss in stretigth of the former, for tin' most ytarl, \\as It'ss than 
25 ptT cent while several of thi' marbles lost 50 per ccjit of tlu'ir strength 
due to this treatment, f'onst'fiueiitly, oin* must bi‘ cart'fid tlial spt'eimcns 
of stout' for transverse tests art' not subh'etetl tt) largt'ti'mj)t'r:iturt‘ varia- 
tif)ns. EurthtTinore, this fact ^\ht)ulil l)t* bornt* in miml in tlt'sianing lintels 
and stout' iK'ams which will be subjt'etetl to wide variations t)f tt'inpt'iatuit'. 
272. The Elastic Properties of Stone. Likt' cast iron, brick and 


* Hull Nil 27.’i, U. S. GcijI. Survey. 
I T(d,s of Metalsf 1905. 
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concrete, stone is a material which does not obey Hooke’s law. The gran¬ 
ites, limestones and marbles, however, exhibit less curvature and less set 
in their stress-deformation curves than do the more porous sandstones. 
These facts will be evident after an examination of Figs. 2, 3, 4 and 5. 
Bauschinger has shown, however, that for a given siiecimen the moduli 
of elasticity in tension, compression and in cross-bending arc practically 
the same. Tlie values which are taken from his tests, Table 5, were found 
on the first loading. 

TAHI.E 5.- PItOl'I.m IliS OP TUI'; BUILDING STONES OF BAVARIA 
(Btiiisrhiii^cr’s ComjnunicaiionSj Vfjl. 10, 1S84) 
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In Table 4 appear values of Poissim’s ratio for stone. With one or two 
exceptions the values are about the same as those given for the ferrous 
metals; one-fourih is a fair average. 

273. Resistance to Abrasion and Shock.—The abrasion on pavements, 
sidewalks, and doorsteps is a matter of consitlerable importance in deter¬ 
mining the life of stone used for such purposes. A number of tests have 
l>een devised for measuring abrasive resistance, but none have been uni¬ 
versally adopted. Two types of test have been considerably used. In 
one a carefully prepa^x?d stone specimen with a plane face is held against. 
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a horizontal table which revolves about a vertical axis, and abrasion is 
produced by sand or emery. In the other test a graded sample of crushed 
stone or gravel is subjected to abrasion in a rattler. 

Bauschiiiger experimented considerably with the first method, using a 
cast-iron table 5 ft. in diameter. He placed two specimens each 4 in. 
square at a distance of 19.5 in. from the axis ami weighted each with 30 
kilograms. The taldc was nm at a speed of 20 r.p.m. and 20 grams of 
fine emery (No. 3) was fed to the plate every 10 revolutions, the old emery 
l)eing brushed off. Two attendants constantly kept the emery in the path 
of the specimen.* 

1110 results of some of Bauschinger’s preliminary tests to determine 
proper pressure and rate of feeding the emery are shown in Fig. o. Table 6 
shows the average results which he obtained in testing vaiious materials. 
They indicate: 

1. That the wet grinding was about twice as effective as the dry grind- 



Fig. 0.—Showing the Reliition between the Abmsiiin, Pressure, and ICiiergy Used 
in Aliriision Test. (Bausehinger.) 

ing, the exact averagr^ ratios being given in the last column of the table for 
each species of stone, f 

2. There is no fixed relation between crushing strength and alirasive 
resistance. 

3. The limestones wear aliout five times and the sandstones about four 
times as fast as tlie granites, porphyries, and basalts. 

4. The clay-siate shows the best results in abrasion, but only a few 
specimens were tested. 

* Bauschinger’s test does not differ greatly in principle from the Dorry hardness 
test used in Trance and the United Htates for road metal. In the Dorry test the abras¬ 
ive agent is standard quartz sand passing a 30-mesh and retained on a 40-mesh sieve; 
the diameter of each s]iecimen is 1 inch; and the aj)eed is .30 r.p.m. for 1000 revolutions. 

t These ratios have V)een taken from the wet and dry tests on identical material, 
and therefore are not the ratios of the two general average results in the previous 
eolumn- 
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TAHi;i: 0.—AVERAGE RESULTS OF RAU.SCR1NGER\S ABRASION TESTS O? 

BAVINCi MATERIAL 
{CommanicalionSf Vol. 11, 1S84) 

Fimr-ifir;li i uIk's iif tlin iiiul i rial wt'io pn-swed on an iron plain willi a wnighi, of 4 
poijiid.s pnr sijiian? iindi, and ^raiiiis of ciiiiTy fnd (‘vnry 1(J mvolulioiiK. Rnsultf 
olilainiid lor 2{)i] rnvolnlinns at a radius of J!).o inrhns. 
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gravel. The machine consists of a cylindrical drum 20 in. long and 28 in. 
in diameter, inside, fitted with a removable dust-tight cover, mounted on 
horizontal trunnions which are co-axial with the drum. In this test a 
5-kg. representative dry sample graded from 1^- in. to | in., or from f to 
I in., in a standard manner is used. Along with the aggregate an abrasive 
charge of 5-kg. cast-iron spheres similar to those used in testing paving 
brick is introduced into the rattler drum. After 500 revolutions at 30 to 
33 r.p.m. the charge is withdrawn and sieved on a ^standard No. 12 sieve. 
The loss in weight expressed in terms of the original sample is reported as 
the i:)ercentage of wear. On account of the size of the rattler drum and the 
impact of the abrasive charge the test also measures to some extent 
toughness. 

Extensive tests with this machine demonstrate that its indications 
agree with service records of materials tested. Test samples are easily 
prepared, the test is rapidly made, and the results are not inri\ienced by 
the dust in the rattler or personal equation in the preparation of the sample. 
The influence of friable, soft, or elongated particles is also detected by this 
machine. Good aggregate for road work will usually show less than 30 per 
cent wear in this test. 

The toughness of rock for road-construction * purposes is often mea¬ 
sured by the Page impact machine. This device consists of a 50-kg. 
anvil at the base, upon which the cylindrical test sample 1 in. in diameter 
and 1 in. high is clamped, a 1-kg. plunger, which rests on top of the speci¬ 
men, and a 2-kg. hammer mounted above the specimen and sliding in 
guides. The guides are so arranged that the hammer can be dropped at 
heights progressively increased by 1-cm. intervals. The toughness index 
for a stone is the height of the last drop causing rupture. Kessler f gives 
the following toughness rangers for stones: limestone 4-21; slate 10-56; 
sandstone 3-47; quartzite 14 30; serpentine 6-17; rhyolite 6-42; diorite 
12 36; schist 6-34; granite 7 31. Kocks of low toughness give indices 
below 13, those of high toughness above 19. 

Toughness tests of gravel can be made by subjecting a representative 
sample of 50 or more particles ])etween ^ in. and 2 in. in diameter to impact. 
The apparatus consists of a cast-iron base I J in. high and 5 in. in diameter, 
from which protrude 3 vertical guide rods. A 22 ^-in. steel sphere resting 
on the base serves as an anvil upon which the gravel particles are held by 
the fingers. A similar sphere is used as a hammer. Particles of sediment¬ 
ary origin having average minor diameters (ri) should withstand without 
cracking blows from heights (//) as given by the relation h = ^{d — \). For 
particles of igneous or metamorphic origin, the relation h = Ad should 
obtain. 

* Sen 0000 ic'st results in U. ,S. Dept, of Agric. MiscAlfineom Pub. No. 70. 

t TechTKflogic Paper Nu. 349, U. S. Bureau of Standards. 
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274. Introduction.—Cliiy products form one of the most important 
classes of structural matt'rials. In building construction, brick and terra 
cotta Mie d(\siral)le on account of their pleasing appearance, strength and 
duraljility. Parlition and floor tile form walls and floors of light weight 
which poss(‘ss high strength and n^sistance to fire. Paving brick make 
economical and durable, although somc^what noisy, pavements. Clay 
pipe on account of their durability, strength, light weight, and cheapness 
are suecf'ssfully usral in s(^w(‘rs, drains and conduits. 

Structural clay products may be classified as follows: 


Brick 


Building tile 


Terra cotta. 
Pipe. 


Building brick 
Paving l)rick 
Fir(' brick 

Ijoad-bt^aring tile 
Bakup tile 
Partition tile 
Fireproofing 
Roofing tile 
Floor tile 
Wall tile 


SeAver pipe 
Drain pipe 
Comluit i)ij)e 


The total \'alue of the clay products produced in the United States, 
in 19)50, was $1)50,249,772. Of this amount the value of common brick 
was 22 per cent; fire Inick, 19.5 pc‘r cent; Imilding tile, IS jx^r cent; sewer 
pipe, 9.2 per cent; vitrified brick, 1.6 per ciuit; front brick, 9.4 per cent; 
drain tile, 1.9 pt'r cent, and architectural terra cotta, 1.9 per cent. 

The following Icxt.s liavt* Ihm'ii frcply Ponsullpfl in j)rL‘i)aring thin chapter: Clays: 
Orn/rrmri', atid also Buihiing Bioms and Clay Products, by H. Ries; 

Wiley & Soils. The Clay Workers' Handbook, by A. B. Searle; Griflin & Co. Modem 
Brick Making, by A. B. Searle; Srott, Greenwood & Son. 
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MATERIALS, MANUFACTURE AND TESTING OF CLAY PRODUCTS 

The Raw Materials 

275. Classes of Raw Materials. —In addition to thn various types 
of clay there are also many forms of shale which are used in the production 
of clay produc^ts. Clays are those substances resultini^ from the decay 
of rocks, Avhicli possess plasticity on being tempered with water and which 
are capable of retaining tlieir shape when molded into various forms and 
dried. When such bodies are heated to redness or above they resemble 
rocks in hardness and strengtli. Shale is a hardened form of clay which 
has been consolidated by the w'eight of overlying earth, l)ut viiich after 
being reduced to a powdei* exhibits the above-mentioned characteristics 
of clay. 

Residual clays are formed from the decay cf the underlying rocks. 
They constitute important sources of high-grade clays for pottery. Hiose 
clays which have been reinovtal from the parent rock by glacial action, by 
water or by wind are called transported clays. Siith clays are often 
termed sedimentary sinc(‘ tiny have been carried as sediment by the 
current and deposited in places Avhen^ the velocity of flow decreasial. On 
account of the changes in conditions which siiiJ'ounded the dei)osition of 
sedimentary clays, they generally consist of strata of mater ial wliich often 
vary considerably in composition aiul propia-ties. Frefiuentlj^ such claya 
have sandy laminations or aie mixed wath sand. 

Since the largest and most, homogeneous d(‘posits of seilimentary clay 
are those pr(u;ipitated in large botlies of still watei-; the marine clays, 
depositeil on former oci'an bottoiiis, or lacustrine clays, found on the 
bottoms of extinct lakes or in swamps, form the most valuable sources of 
raw inattaaals for the manufactme of structural clay products. The soft 
clays, either glacial or residual, which are found at oj' near tin' smfact^ are 
often termed surface clays. Fire-clay is a term, h)Osely applied, to include 
thosc^ sedimentary or residual clays which vitrify at a very high tempera¬ 
ture and which, when so burned, j)ossess great resistance to heat. 
Impure fire-clays are contaminated with certain fluxes such as lime, iron 
oxide or the alkalies which reduce the vitrification temperature. In 
many of the eoal-producing states fire-clays underlii' the coal beds. 

276. Composition of Clays. —In determining the suitability of clays 
for the manufacture of clay products a knowledge of both the mineral and 
chemical constitution is of assistance. From the mineral constitution the 
proportion of true clay substance may be gotten, wdiereas the chemical 
constitution affords indit;ations of the purity, refractoriness, color, and 
shrinkage or s\velling in burning. 

The minerals most commonly found in clays and shales are kaolinite 
( 2 Si 02 ; AI 2 O 3 , 2 H 2 O) and other hydrated silicates of alumina; quartz 
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fSiO.); feldspar (principally silicate of alumina combined with potash,' 
or lirrH‘, nr snrla and limcj; limonite (2 Fpj0.o3Hl 4)) ; hematite (Fe^Osj; 
sidr'iilc (Fe(^():^j; pyrite (FeSj); calcite (CaC’Os); magnesite (M^Cih); 
pypsum ((\aSC)4,2lT20), and sometimes rutile (Ti02). Of these minerals, 
kaolinile anrl other hydrated silicates of alumina are the most desirable 
constituents. They generally form the major part of those hiph-grade 
clays, t(*rmed kaolins, which are used in the production of crockery and 
white burning pottery. These silicates constitute the finer portion of 
the clay which is called the clay substance. By Sepcr, clay substance is 
defined as the material less than 0.004 in. in diameter. 

Ohemical analyses of good clays will show that they consist mainly of 
the following elements; 


Silii'a 

Alumina 

I'erric Oxide 

Ijime 

AIagn(‘sia 

Alkalif's 

Water 

(\irbon Dioxidi* 
Sulphur Trioxide 


(SiO.) 

(AlJhO 

(FimO.) 

(MgO) 

(KjO+I^a.O) 

(H^O) 

(SOa 


Fluxing Ingredients (generally 
less than 20 per cent) 


Silica g(‘n(*riilly forms from 40 to 80 per eent of the raw materials used 
in making structural clay i)roducts other than fire brick. In the latter 
the silica content may rise to OK jier eent. Although a large jiercentage of 
sand or uncohibi T n' d silii a in el - a y is undesirable, it is sometimes atlded to 
decrease shrinkage in burning and to increase the refractoriness of low 

alumina clays. ^ - 

The alumina content ordinarily ranges fron<(l() to 40 ner cent except 
in silica brir-k. Wares having an exceedingly higTTTrhtTniiia content are 
likely to be wry refractory. 

Iron oxide, \Ahich in most cases constitutes h\ss than 7 per cent of a 
clay, is a most important factor in didermiiiing the color of the clay and 
the burned product. It also tends to lower the fusion point of the clay, 
esiiecially if present as ferrous oxide. 

Lime normally constitutes less than 10 per cent of clay, but in some 
glacial deposits, which are successfully used in making common brick and 
tiling, a higher lime content obtains. In carbonated form lime lowers the 
fusion point. Since the carbonate breaks up into carbon dioxide (CO 2 ) 
and lime (C'aO) at a tem[KTalure of 900” C.; it is desirable, in clays burned 
at this temp('raliire, to finely crush the lime pebbles. If this is done, danger 
from “popping” in the burnt w^are, due to slaking of the lime, may be 
avoided If the burning temperature is considerably higher than the 
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above, complex combinations of lime, silica, and alumina are formed with 
the result that the lime effects a change in the color of the product. Red- 
burning wares arc often made buff-burning by increasing the lime content. 

Magnesia rarely exceeds 1 per cent in clay. In burning it causes the 
clay to soften at a slower rate than does lime and lessens warping. 

The alkalies, forming less than 10 per cent of the raw clay, are of great 
value as fluxes, especially when combined with silicates of alumina. Feld¬ 
spar is much used as a flux with kaolin in making white ware. 

A large proportion of free water generally causes clay to shrink con¬ 
siderably in drying; combined water causes shrinkage in burning. 

Carbonaceous material in the form of bituminous matter or carbon 
greatly affects the color of the raw clay. Unless proper precaution is 
taken to effect complete removal of such matter by oxidation, the burned 
product is likely to have a black core. 

Sulphur is most commonly found in clay as the sulphate of calcium, 
magnesium, potassium, sodium or iron, or as iron sulphide. Generally the 
proportion is small. If, however, thi're is carbon in the clay and insuffi¬ 
cient time is given during burning for proper oxidation of carbon and 
sulphur, the latter will i;ause a spongy swollen structure in the burned 
product. Most of the sulphates are soluble and give evidence of their 
presence by the formation of a scum on the dried ware. As a result, unless 
considerable care is exercised in burning, the product will Xye discolored by 
white blotches. The use of water containing small quantities of mag¬ 
nesium or calcium carbonates, together with a sulphurous find often causes 
similar effects. Wall white, which appears after l)rick have been laid, 
may be due to soluble salts in the brick or in the mortar, which are brought 
to the surface by absorption of water and subsequent drying. 

277. Physical Properties of Clays.—Plasticity, tensile strength, texture, 
shrinkage, porosity, fusibility, and color after burning are the physical 
properties Avhieli are of mosl importance in rletermining the value of a clay. 
A knowledge of these proper ties is of more benefit in judging the quality 
of the raw material than a chemical analysis. 

By plasticity is meant the property which wetted clay has of being 
permanently deformed without cracking. The amount of w^ater required 
by different clays to produce the most plastic condition varies from 15 
to 35 per cent. Although plasticity is probably the most important 
physical property of clay, yet there are no methods of measuring it which 
are entirely satisfactory.* The simplest and most used test is afforded 
by feeling of the wetted clay with the fingers. Personal equation neces¬ 
sarily plays a large part in such determination. 

Since clay ware is subjected to considerable stress in molding, handling, 

* For a morp romplpte di.si*u.s.sion of the pliy.sic.al propprlios moiI thtiir mpa.siirpinpnt, 
see Clays, Their Occurrmce, Properties, arid Uses, Third Edition, by II. Ries, Chaptora 
IV and V. 
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and drying a high tensile strength is desirable. The test is made by deter¬ 
mining the strength of specimens which have been molded into briquette 
form * and very carefully dried. The tensile strength of clays will vary 
from almost nothing in highly silicious fire clays to over 400 lb. per square 
inch in some common brick clays. Kaolin generally shows low tensile 
strength. 

The texture of a clay is measured by the fineness of its grains. In 
rough work the per cent passing a No. 100 sieve is determined, but for 
measuring the size of the clay grains a more refined device such as the 
Schiine washing apparatus or a centrifugal separator is used. No numer¬ 
ical limit to the grain size or desired relation between sizes has been estab¬ 
lished. Tests by Beyers and Williams f indicate that the sizes of grain 
from 0.004 in. down should be uniformly graded to obtain maximum ten¬ 
sile streiiigth. Ries’ tests showed that an excess of either very fine material 
or of sand grains decreased the tensile strength of the clay. Very fine¬ 
grained clays free from sand are more plastic and shrink more than those 
containing coarser material. 

A knowledge of the shrinkage both in drying and in burning is required 
in order to produce a product of required size. Also the amount of shrink¬ 
age forms an index of the degree of burning. The shrinkage in drying is 
dependent upon pore space within the clay and upon the amount of 
mixing water. The addition of sand or ground burnt clay lowers shrink¬ 
age, increases porosity and facilitati^s drying. Fire-shriidcage is dependent 
upon the proportion of volatile elements, upon texture and the way that clay 
burns. Tests of shrinkage arc made by determining the volume of ben¬ 
zine displaced by a small prism of clay when green, after drying at a tem¬ 
perature slightly above the boiling point of water, and also after burning. 
Beyer and Williams, in tests on a number of Iowa clays, reported air- 
shrinkages varying from 4.86 per cent to 27.00 per cent and fire-shriiik- 
ages from —2.88 per cent (swelling) to 5.02 per cent. 

By porosity of clay is meant the ratio of the volume of pore space to 
the dry volume. Since porosity affects the proportion of water required 
to make clay plastic, it will indirectly influence air-shrinkage. Large 
pores allow the water to evaporate more easily and consequently permit a 
higher rate of drying than do small pores. Inasmuch as the rate at which 
the clay may be safely dried is of great importance in manufacturing clay 
products, the effect of porosity on the rate of drying should be considered. 

The temperature at which a clay fuses is determined by the proportion 
of fluxes, texture, homogeneity of the material, character of the flame, and 
its mineral constitution. Owing to non-uniformity in composition, parts 
of the clay body melt at different rates so that the softening period extends 

* Sejc briquette nuiMs and te,siing machines in Ch. XII. 

I IqW{x Geol, Surv., Vol. 15, p. 102, 1004. 



MATERIALS, MANUFACTURE AND TESTING OF CLAY PRODUCTS 267 

over a considerable range both of time and temperature. Wheeler divides 
the period into (1) incipient vitrification, at which the clay has softened 
sufficiently to cause adherence but not enough to close the pores or cause 
loss of shape—on cooling the material cannot be scratched by the knife; 
(2) complete vitrification, more or less well-marked by maximum shrinkage, 
coalescence of particles, smooth fracture and no loss in shape; (3) viscous 
vitrification, produced by a further increase in temperature which results 
in a soft molten mass, a gradual loss in shape, and a glassy fracture after 
cooling. 

Experiments roughly indicate that the higher the proportion of fluxes 
the lower the melting-point. Fine-textured clays fuse more easily than 
those of coarser texture and the same mineral composition. The uni¬ 
formity of the clay mass determines very largely the influence of various 
elements; the carbonate of lime in large lumps may cause popping when 
present in small percentages, but when finely ground 15 per cent of it may 
be allowed in making brick or tile. Lime comliincd with silicate of alu¬ 
mina (feldspar) forms a desirable flux. Iron in the ferrous form, found in 
carbonates and in magnetite, fuses more easily than when present as ferric 
iron. If the kiln atmosphere is insufficiently oxidizing in character during 
the early stages of burning, the removal of carbon and sulphur will be 
prevented until the mass has shrunk to such an extent as to prevent their 
expulsion and the oxidation of iron. When this happens a product with 
a discolored core or swollen body is likely to result. 

iSince a determination of the fusibility of a clay is of much importance 
both in judging of the cost of burning it and in estimating its refractoriness, 
experiments are often made on small prisms to determine the rapidity 
with which the clay may l)e burned, the temperatures at which incipient, 
complete and viscous vitrification occur, how the clay behaves in annealing 
and the color of the burned product. Temperatures are commonly 
measured by means of Seger cones,* in refined work by a pyrometer. 

Method of Manufacture 

278. Preparation of the Clay. —Many of the large deposits of clay 
or soft shale are worked in open cut with a steam shovel. The hard shales 
adjacent to coal veins are frequently mined. Generally the raw material 
is drawn from the pit in cars on a narrow-gage track by horses or by dinky 
engines. For pressed brick and terra cotta it is sometimes advantageous 
to weather the clay, before using it. This is accomplished by loosely 
spreading the clay in a layer a couple of feet thick over a flat surface where 

* Seger cones are made from mixtures of clay and fluxes so proportioned that theii 
melting-points form a temperature .scale. Two or more cones difTering in fusibility 
are inserted in the furnace or kiln and the temperature estimated from their appear¬ 


ances. 
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it will be exposed to the action of the elements. Such action causes a 
rusting of iron particles and a breaking down of pyrite inclusions. 

Most clays, however, are hauled directly to a crushing or disintegrating 
device. For thii hard shales jaw-crushers arc soiiietimes used. Dry 
pans like the one shown in Fig. 1 are often employed to break up the softer 



Fig. 1.—A ivri. Dry Pan. 



i'lo. 2.—A D«ubU‘-sliMft Pug Mill. 


shales and tough clays. For eerlain dry shales, toothed or corrugated 
rolls are elTective wlierc' coarse grinding oidy is retpiired. After the clay 
has l)eeu crushed it is conveyed to a pug-inill (Fig. 2) in which it is tempered 
with the i)ioper amount of water ami thoroughly mixed. Wet clays are 
generally ground find tiuupered simultaneously in large ring pits, in pug- 
mills nr in wet pans. In the ring pits a heavy iron wheel which rolls over 
the bottom surfan* of tin* pit in a spiral path, serves to stir and grind the 
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clay. This method is used only at small plants. The wet pan is much like 
the dry pan, with the exception that the bottom of tiie wet pan is not per¬ 
forated. 

^ 279- Molding. —Building brick are molded by the soft-mud, the stiff- 
mud, or the dry-press process. The stiff-mud process is employed in making 
nearly all other structural clay products. I'^ire-brick is sometimes made 
by the soft-mud process and roofing, floor, and wall tile by the dry-press 
process. 

In the soft-mud process the clay, or mixture of clayey materials, is 
tempered with enough water to form a mass of soft consistency. The 
mixture is then introduced into wooden molds which are lined with sand 
to avoid sticking. Either hand or machine molding is employed in thi;> 
process. Soft-mud lirick exhibit five sides to which more or less sand 
adheres. The soft-mud process can be used with a greater vai’iety of clays 



pi,;. 3.—A iSiiuill AuRcr Eqiiipptui with Device fur Miikiiip; Snic-ciil Brick. 


than any other method of molding and very uniform hriek may be made 
with it. 

Less water is used in the stiff-mud process so that the mixture is much 
more rigid than in the soft-mud process. It is well applied to mixtures 
which are of medium plasticity. The clay from the pug-mill Ls forced 
through a tapered die by means of an auger and the issuing bai is cut into 
the required lengths. Owing to the motion imparted l)y the auger 
and friction on the sides of the die, various portions of the clay 
bar are given different velocities; consequently more or less laminations 
are present in the product of auger machines. Brick are made either end 
or side cut by this machine. Fig. 3 shows a side-cut machine. Auger 
brick machines have considerably greater capacities than the machines 
of the vertical press type used in the soft-mud or dry-press processes. 
For molding common brick, machines equippfxl with double or triple dies 
are sometimes used. Partition tile, conduits, fircprfiofing and the smaller 
sizes of drain tile are molded in a sumlar manner to stiff-mud biick. For 
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sewer pipe and the larger sizes of drain tile, vertical presses are employed. 
The uniformity in shape and size of stiff-mud or soft-mud brick can be 
improved, the surfaccjs made smoother and harder, and the density and 
strength increascid by repressing. This auxiliary process is often employed 
in making high-grade face brick and in molding paving brick. 

In the dry press process the tempered clay is pulverized, screened 
through a No. 16 sieve, and then fed into molds on a vertical press. The 
molds of hard steel are steam-heate‘d to prevent adherence of the clay. 
Vents are provided to allow the escape of entrapped air. Owing to the 
heavy pre»s.sures usc‘d, it is possible to obtain pieces with sharp corners 
and of more unifonn shape than can be gotten from auger machines. 
This process also dot^s away with air drying although considerable free 
water must hv driven off in the kiln. Face brick are comimmly dry-pressed. 

Improvement in the uniformity, density, stnmgth, and toughness of 
certain stiff-mud and dry-pressed clay products has recently Imm effected 
in the lal)oratory by de-airing. This is accomplished by ofttm using high 
pressures in repressing or by ev^acuating air just before the clay is molded 
or passes in to the die of the auger macliine. De-airing has been success¬ 
fully applied in the manufacture of paving brick. 

Terra cotta is generally hand-molded or cast in plaster molds. 

/ 2B0. Drying.—Great care is required to dry soft-mud and stiff-mud 
products at maximum rate without causing checking. In some yards the 
open-air driers arc provided with roofs, which can be opened during fine 
weather, and are means for heating in bad weather. 

Aitificial driers are of two types, the hot-floor drier and thi^ tunnel drier. 
The former is the older and is used for fire brick, clay pipe and terra cotta. 
The hot-floor drier is heated either by a furnace placed at one end of the 
drier or by exhaust steam from the engine uscul to furnish power. Tunnel 
driers are pt'riodic—filled, dried, and emptied in rotation—or continuous — 
the green ware l>oing loaded into one end of the tunnel and the drit^d product 
removed at the other. Tunnel driem are heated Ijy flues underneath, by 
steam pipes, or by hot air from cooling kilns. They are more economical 
than hot-floor driers. In artificial driers the temperature rarely exceeds 
120° C. The time required in drying varies from one to three days, de¬ 
pending upon the temperature of the drier, the character of the clay, and 
the shape of the body. 

In some brick plants the green ware is set in a kiln and dried by waste 
heat from cooling kilns. This method requires more kilns, but effects a 
saying in handling of brick. 

7 2B1. Kilns.—In the brick industry four types of kilns are in use: the 
scove kiln, the up-draft kiln, the dowai-draft kiln, and the continuous kiln. 
Of these types the down-draft and continuous kiln are used in burning 
other clay products. Terra cotta is generally burned in round down- 
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Fiq 4u.— sating a St DVL Kiln 1 pinpor try I nd ind Side W ills Not in Place (BvU 
No 15, Wis CiKiiI tiiifl N it Hist Siirv , I’l fa) 



Ilia 4b —CiiLultr Dov\n-«lrifl Kiln I si il fur HuiiiiiiK Briik {Bull Nn !> 
(ii ol uni N xt Hist iburv , PI fa ) 



1 * « - 






Fig. 4c. —Ilaigh Continuous Kiln (American Clay Macbinery Co.) 


Fig. 4.—Common Types of Kilns. 


, ...j 
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ili'fift kilns proviflnrl with niufflf\s to prevent contact of flame and ware. 

The scnve kiln shown in Fig. 4ri is much used in burning common brick. 
Bri(;k are laid about 40 courses high and the entire kiln enclosed with a 
course or two of special brick containing a small proportion of coal. The 
outside is then plastered with mortar and fires started in the arches. Wood 
or oil is used as fuel. The temix^rature of the outer and inner portions of 
the kiln is equalized to some extent by the combustion of the coal-brick. 
Although the cost of the scove kiln is low, tlu' loss in l)ri(;k and in heat is 
high. 

Up-draft kilns provided with pc'rmanent walls and roof are an improve- 
rntait over tlie scove kiln, but th(*y are more wasteful of heat and are 
heated less uniioi inly than i\u) dowm-draft kiln. 

The down-draft kiln (Fig. Ab) is either rectangular or circular in plan, 
tlu^ former being used largely in burning the lK‘tter graih s of building 
bri(;k and in burning paving t)rick. As the name implies, heat from the 
liri^ after passing through up-takes to the top of furnace is drawn 
downward through the kiln and passes through fluids in the flour. Thence 
tli(‘ wast(^ gases art? It'd through tunnels either to a stack passing up 
tlirough tin* (;ent(a‘ of th(‘ kiln, or to a detached stack serving several 
kilns. With the down-diaft kiln a more uniform distribution and better 
regulation of heat can be obtained than wuth either of the previously 
descril)ed kilns. Since the hardest burned warf\ wiiich becomes the 
softest in l)urning, is found at the top of the kiln, it cannot be misshapc'ii 
by the weight of overlying courses. 

Cvontinuoiis kilns (Fig. 4c), are often built oval in plan and divided by 
vertical walls int^) a large nuinlK'r of compartments. Thesti are loaded 
from the inttaior of the ring and unloaded from the outside. Each com¬ 
partment is provided with an adjoineil fire-box, a flue leading to a central 
stack and by-piis.ses in tlie side walls through which the compartment 
can be connected with the adjacent compartments. Pockets arc also pro¬ 
vided in tlu‘ top of ('ach chamber for additional fires. Chambers are 
cliai-ged, tin'll, and unloarled in rotation. A chamber is first isolated and 
heatrd by the side fire-box until the ware is freed of comljiiif'd water. 
Then th(' waste heat from the adjoining chaiid)er is admitted until a red 
heat is attaineil when the top pockets are fin'd until burning has been 
completi'd. This type r)f kiln effectively utilizi's fuel and is used to burn 
brick, fire pi’t)ofing, and tile. 

Terra cotta and brick art' sometiines loatied on cars ami burned in 
gas-fired tuniu'l kilns. The ilried ware is entered at one end and as it 
is slowdy mo\'ed through th(' tunnel the temperature is raised to the maxi¬ 
mum desirj'd at mid-length, and then gradually reduced as the w^are reaches 
the exit. In this form of continuous kiln the temperature control is 
excellent and the product uniformly burned. 
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282. Burning. —The burning of clays may be diviLled into three main 
stages: (1) dehydration or “water smoking/’ (2) oxidiilion, (3) vitrification, 
or period of settlement in the kiln. 

During the dehydration period the water which has l)een retained in 
the pores of the clay after drying is driven off, some of tlie carV)onaceous 
matter is burned, a portion of the sulphur is distilled from pyrites, hydrous 
minerals like kaolinite and ferric hydroxide are dehydrated, and the 
carbonate minerals arc more or less decarbonated.* The speed with 
which these eliminations occur is dependent upon the water and mineral 
content of the clay, its porosity, and its texture, and upon the method of 
handling the kiln. Too rapid heating causes cracking or bursting of the 
ware. On the other hand, if alkali is con tain wl in the clay or much 
sulphur is presimt in the coal, too slow heating protluces a scum on the 
surfat^e of tht; product. During the “ water-smoking ” stage, frequent 
measurements of the rlraft and temperature are madt* in oidei* to stand¬ 
ardize the procedure for a given clay. This period is generally com¬ 
pleted before a temperature of 700° 0. is reached. 

During the oxidation period, which is nearly always completed at 
900° C., the remainder of the carbon must 1)0 eliminated anil, to promote 
stability, the ferrous iron must be oxidized to the ferric form. Although 
some of these changes Viegin l)efore the completion of the preceding change, 
it has been pretty well ilemonstrfited that the removal of sulphur cannot 
be completed ])efore the carbon has been eliminated. Sulphur, on account 
of its affinity for oxygen, also holds back the oxidation of iion. Conse¬ 
quently, in order to avoid black or spongy cojcs, oxidation must proceed 
at such rate as will allow^ these clianges to occur before the heat, becomes 
sufficient to soften the clay and closi' its pores. (Irog or sand is often 
abided to the raw' clay to produce a more opini structure and thus provide 
for the escape of gases generated in burning. 

The different stages in vitrification havt; already l)eeii mentioned. It 
should be borne in mind that but few clay prodinds are vitrified to the 
point of viscosity, in decal, many common brick and tile cannot be called 
vitrified in any sense of the term. On the other hand fjaving brick must 
be burned to the stage which Wheeler calls complete vitrification if the 
maximum combination of hardness and toughness is to result. There is, 
consequently, a wide range in the maximum burning temperature to which 
the clay must be submitted depending ujMjn the character of the raw 
material and the purpose of the ware. In the manufacture of tile and 
building brick this range varies l)etween 900 and 1200° C. 

The degree of burning is frequently determined by the settlement of 
the goods in the kiln, in some cases by pyrometers. For ware which 
IS to be completely vitrified, it is advantageous to have the points of 
* Prof. E. Orton, Jr. Trans. Am. Ceramic Soc., Vol. 5, p. 393. 
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incipient and viscous vitrification separated as widely as possible. This 
is desirable in order that goods from different parts of the kiln may not 
vary widely owing to non-uniforin distribution of heat. 

/ 283. Glazing.—By glazing clay products, it is possible to give a 

pleasing appearance to the ware, to increase its imperviousness to water, 
or to accomplish both of these ends without incurring the cost of com¬ 
plete vitrifujation. Slip-clays, which have a high fluxing content and 
which may be so adjusted in composition that different coloring eflfetjts can 
l>e produced, lead compounds, barium compounds, and common salt are 
among the sul)stances used for glazes. Decorative terra-cotta goods 
are sprayed Avitli a thin mixture of slip-clay before burning. Sewer pipe is 
salt-glaz(‘d l)y the addition of common salt to the fires during the vitrifi¬ 
cation stage. lOnainel brit'k are given a coating of slip containing oxide 
of tin or similar compound to render the glaze opaque. 

> 284. Flashing.—Colors ranging from gold to dark reddish brown 
may be produced on many kinds of ware by flashing. The process con¬ 
sists in exposing the ware to a reducing almosphere during a part or 
wht)le of the burning jHaiod. Front bri(‘k are often so treated wdth 
pleasing results. Flashing, however, is likely to deceive even experts 
coi^cerning the degree of burning. 

285. Annealing,—(bt^at care is necessary in cooling the goods l)elow 
a cherry-nHl hciit in order to avoid checking and cracking. Hastening 
the annealijig process may dt^stroy the product of an otherwise successful 
burn. To make paving brick of maximum toughness requires an annealing 
period of to ten days. 

2B6. Sorting.—In up-draft kilns the over-l)urned ware is found at 
the bottom near the top of the arches and the under-burned material is 
at the top. The cr)nverse is true for down-draft kilns. In either kiln, 
the best, of the ])roduct is fo\ind in tln^ intermediate courses. In the man¬ 
ufacture of paving brick, high-grade building brick, and drain tile, these 
different classes of goods are separated in unloading the kiln and the 
poorer grades of material sold for different purposes. Over-burned 
paving-brick and building brick are used in sew^er construction. Soft- 
burned paving brick are used for exterior walls in building construction, 
while the soft-burned building brick serve as filling. 


Methods of Testing Structural Clay Products 

jfST. Tests.—Two classes of tests are used in judging of the quality 
of clay products: (.4) tests which may be readily made on the job; {B) those 
which require lalroratory equipment. The field tests are: (1) appearance, 
(2) hainiiier test, (.3) hardness, (4) iiljsorption, (5) specific gravity. In the 
laboratory, the following additional tests are sometimes made: (6) crush- 
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ing, (7) transverse bending, (8) rattler test * (paving brick), (9) abrasion 
(paving brick), (10) resistance to freezing and thawing. (Arts. 204 and 
296.) 

288. Appearance. —Shape, color, kiln marks, checks, laminations and 
blisters all form more or less valuable indications of quality. The color 
of the outside of the goods is often misleading in regard to the degree of 
burning. This also applies to the color of the interior, unless one is 
familiar with the changes whii'h the given clay undergoes in b\irning. The 
presence of lime pebbles over | in. in diameter is undesirable. Black or 
spongy cores show improper burning as previously mentioned. In brick, 
well-defined kiln-marks indicate that the brick have been hai’fl burned, 
but do not serve to distinguish between hard-burned and Over-burned 
brick. Checks and cracks may be due to improper drying or annealing. 
They decrease the strength and resistance to frost; if well-marked they 
are sufficient cause for rejection. Checks prodiK'ed in annealing generally 
indicate brittleness, rronouiiced laminations in the cross-se{!tion of the 
ware are objectionable since they weaken the vstruct ore and kvssen resist¬ 
ance to freezing. Broken blisters on the surfaces of sewer pipe or drain 
tile are due to air imprisoned in molding. They should not be tolerated 
on the inner surfaian When present on the outer surfa(‘e they should not 
exceed J of the thickness of the tile in depth, nor in diameter sliould they 
exceed J of the diameter of the pipe. 

289. The Hammer Test. AVhen properly Irurned and free from cracks, 
dry clay products emit a highly metallic ring if struck witli a hammer. 
A rough notion of the toughness of brick is also afforded by breaking 
specimens with the hammer. 

290. Hardness.—To secure evideiici' of the degree of burning, the 
interior of the clay liody may be sr*ratchcd with a knife. Hmver pipe and 
paving brick which have b(‘en liurncd to incipient vitrification or above 
cannot be scratched. AVcll-burned tih; will be scratched with diliiculty. 

291. Absorption.— The percentage of absorption is a very valuabh^ indi¬ 

cation of the degri'e of burning providial oni* knows tiii^ limit, of tlie given 
clay corresponding to a properly, burned product. Accoi'iling lo Orton f 
vitrification, in the true sense, correspondsS to such a dt^greii of compact¬ 
ness that the absorption of the product is not ovfvr 3 pv.r cent after forty- 
eight hours^ imrnersioii. He also stated that if the absorption was less 
than 5 per cent clanger from frost was negligible. Since the expansive 
force of water fna'zing in the pores of a clay material is df^pciulent upon 
the proportion of pore space occupied, the ratio of the al:)Sorption after 
24 hr. submersion to MV)sorption aft(‘^^'j>oiling 5 hr. ratio) appears 

to be a better criterion of reshtaiiQ. ■£ ^fn^ezing than the percentage of 

‘-ce-point bearing n 

T i p. 203. 
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absorption (Art. 300). McBurney’s recommendations on methods for 
proctidurc in absorption tests in Proc. A.S.T.M.^ Vol. 36, Pt. 1, p. 260, 
should be studied. 

Tests by Palmer and Parsons * show that bricks in condition to absorb 
10 to 35 grams of water in 1 min. when immersed I in. on one face develop 
the strongest mortar bond. Too rapid withdrawal of water from the 
mortar by brick produces a weak bond. These tests and others indicate 
that the suction rate is an important property of brick and tile. It should 
be controlled by the manufacture and builder anti detennined on the job. 

No standard method of making the absorption test has been adopted 
for all structural clay products. Five half brick from different units or 
15 uncracked square fragments of structural clay tile, drain tile, or sewer 
pipe selected from five units constitute suitable samples for the respective 
materials. The fragments should be 12 to 20 sq. in. in area. In all pro¬ 
cedures speciiTums should be oven-dried to constant weight at temperatures 
just above the boiling point of water. Usually a temperature of 110 to 
120° C. for 72 hr. is sufficient. Weighing should be done on scales sensitive 
to 0.1 per cent of the weight of the specimen. Where the C/B ratio is to 
be determined, as for brick, specimens arc submerged for 24 hr. in distilled, 
or rain, water at room temperature (15 to 30° C.) and carefully surface- 
dried with a towel before weighing. They are then boiled for 5 hr. in 
distilled, or rain, water, cooled in the water, and again surface-dried and 
weighed. The difference between wiaghts after soaking or boiling and the 
dry weight divided by the dry weight and multiplied by 100 gives thi* weight 
percentage of absorption. Absorption after boiling is prescribed by the 
A.S.T.M. (see Standards) for the following intervals: for structural clay 
tile, 1 hr.; for drain tile and sewer pipe, 5 hr. 

If the absorption by A oluine is desired, it can be obtained by multi¬ 
plying the weight pcrcentagi’; by the apparent specific gravity. 

292. Specific Gravity.—Other factors constant, the higher the bulk 
specific gravity the stronger is the clay product. This mle does not hold 
for vitrified products since Purdy and Moore’s tests f show that the specific 
gravity of a clay decreases as vitrification advances. Specific gravity may 
be determined on the pulverized product (Art. 268). It is often less 
accurately found by dividing the dry weight in air by the difference 
between the dry weight and the Aveight when submerged cold after boiling 
5 hr. The hulk specific, gravity may be found by dividing the dry weight 
in air by the diffr'^^^^e bt^tween the weight saturated in air and the weight 
saturated whe' 

293. StTP ^ Vetl bds of making the crushing and trans¬ 
verse tests A. '^ire the same as outlined in Art 112 

nt) absorption, Stils. 

</^fiDnal tests are som<f; ?■ 203. 
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but it is more severe on warped pipe than either hydraulic or sand bear¬ 
ing. Sand bearings also approximate quite closely the loading conditions 
to which the pipe is subjected in a ditch.* 

294. The Rattler Tests on Paving Brick. —Although the rattller test 
has never been shown to be a true index of the life of brick in a pav ement, 
yet as a means of standardizing resistance of paving brick to combined 
impact and abrasion it is considered valuable. For details in performing 
this test, see A.S.T.M. current Standards. The test consists in placjing one 
representative sample of 10 whole brick which pass visual in.^ipection 
requirements in a metal barrel 20 in. long and 28 in. in diameter, t ng^^the^ 
with a 300-lb. charge of cast-iron spheres, and subjecting the bri-^f^'''^^ 
the action of the charg(‘ during 1800 revolutions at 30 r.p.m. to 

is mount(^d on horizontal axial trunnions which are parallel to^ne barrel 
Openings between the 14 staves of the barrel p(‘rmit escape the sides, 
pavers 3 by 4 by 8J in. in size will usually show less tha*^‘W dust. Good 
in this test, although 24 per cent is pennitted by the 21 per cent loss 
296. Pavement Determinators. —Numerous lal ^^^f?pecifications, 
pavements havc^ bt^on made. Usually the samples Moratory tests of sample 
form segments of a circular track which rests on af the types of pavement 
The abraiding apparatus consists of one or more loaoermanent foundation, 
be shod with rubb(*r tires or rnoni abrasive dc^vicled wheels, wdiich may 
rolled ov(‘r the track in i)aths of variable radii th^o^s. These wheels ari‘, 
vertical axle in the C(aiter of the track. After a suit^,h connection with a 
cycles the condition of the pavement is examined v^ile number of rolling 
wear is sufficient measiinanents are maile. Lually, and where the 

One of the earliest of these determinators was 
Detroit. The Hoad Resc'arch Laboratory at Harn used by the city of 
has 3 tracks, the largest of which operates a 10-ton to ndsworth, England, 
with a mean diameter of 110 ft. The U. S. Bureau ick chasis on a track 
the CrusluHl Stone Association also have tracks for s'^^of Public Roads and 
296. Alternate Freezing and Thawing Test. —Or ch tests.f 
A.S.T.M. has prescriljed an alternate freezing an‘inmittee C-6 of the 
drain tile which may Ix' applied to other clay produc^l thawing test * for 
on three or mort' spi‘cimens from each of five separate ti.?. The test is made 
are so chosen that tlu'y represent the ends and center les. The specimens 
must be sound, approximately square, and between '' of each tile. They 
area. After being dried to constant weight at 110° f"^i2 and 20 sq. in. in 
cimens are cooleil to 20° or 2o° G., reweighed, and imirk, or above, the spe- 
For freezing the specimens are placed with their conceersedin pure water. 

ve faces upward in 

* For more inforniiit inn sre- Standard Specifications for uiu. 

Designation: C4-24, A.S.T.M. Standards. Tile, Serial 

t See Engr. Rtrnrd, Vol. 08, p. 457; Higfnray.s and Bridges^ Apr. 29, 193b, 

Roads, Jan., 1934; The Crushed Stone Journal, Dec., 1935. 


^ublic 
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trays of ice water. After the specimens have acquired the temperature 
of the water, the latter should be drawn off until J in. remains in each tray. 
The trays are placed in a suitable rack and immersed in a freezer. The 
freezer temperature must be reduced to —10® C. or below within thirty 
minutes after the specimens are introduced, but should not fall below 
— 20° C. during the test. After the water in the trays has been frozen 
solid the trays are taken out of the freezer and immersed in water at a 
temperature of 18° to 24° C. The specifications demand 24 alternate 
freezings and thawings for Farm Drain Tile, 36 for Standard Drain Tile, 
and 48 for Extra Quality Drain Tile. Failure in this test is conditioned 
by (1) superficial disintegration or spalling with a loss of more than 5 per 
cent of the dry weight, or by (2) cracking badly in other than planes of 
laminations, or V)y (3) serious loss in structural strength. 

PROPERTIES OF STRUCTURAL CLAY PRODUCTS 
^ Building Brick 

297. Manufacture.—A variety of clays are used in making building 
brick ranging from the common surface clays used for common brick to 
the better grades of shale or impun' fire-clays used in producing face 
brick. The essential properties of the clay are sufficient plasticity for 
proper molding, low shrinkage in drying ami burning, and low fusibility. 
'Jlie clay should not crack or warp during the drying or burning processes 
and for face brick or ornamental brick it should l)urn to a uniform color. 

Common brick are frequently burned in scove kilns, but the better 
grades of building brick are fired in permanent kilns of tlie up-draft or 
down-draft type. The temperature of burning varies from 900 to 1200° C., 
depimding upon the composition of thi^ clay. 

298. Classes of Building Brick.—Brick are often classified by method 
of molding as soft-mud, stiff-mud, dry-prtvssed, or re-pressed brick. 

By the degree of burning, brick are sometimes sorted into tliree classes 
(1) pale or salmon brick which are underburned, (2) body brick which 
occupy the central portion of the kiln and are well-burned, (3) arch or 
clinker brick which are overburned. 

Tw^o irregular foims of brick commonly used in construction are com¬ 
pass brick and feather-culge brick. Compass brick have tapering broad 
faces; feather-edge brick have tapering narrow faces. 

Cored brick extruded with 14 or 16 holes normal to the broad faces are 
easily and imiformly burned and light in w'eight. 

From the standpoint of usage, the following classification may be made: 
common brick, front brick, and ornamental brick. Common brick com¬ 
prise the poorer grades of buililing brick wdiich are used for filling, backing, 
and in w^alls where apix^arance is of small moment. They often vary 
greatly in color, degree of burning, and in shape. Front or face brick are 
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made more carefully than common brick. They are generally pressed or 
re-pressed and are used in fronts of buildings and in walls for which a 
pleasing appearance is desired. Red, white, cream, buff-burning brick, 
and buff-burning brick speckled by the addition of manganese, all of 
which burn to an even tone, are much used as front brick. Tapestry 
brick, rug brick and stipple-faced brick are stiff-mud products which have 
had their edges roughened in different ways in order to create pleasing 
effects in wall constructions. Ornamental brick include enameled and 
glazed brick. The former coastitutes the major portion of the ornamental 
brick produced in the United States. 

299. Requirements of Good Brick.—The essential requirements for 
building brick are sufficient strength in crushing and bending, durability, 
a proper suction rate, and a pleasing appearance when exposed to view. 
Common brick of good quality should be free from checks or cracks, should 
emit a metallic ring whiai str\ick with the hammer, and should exhibit a 
fine-grained, uniform, dense structure fret^ frt)m laminations or large lime 
pebbles. Well-V)urned face brick should not l)e easily scratched by the 
knife. They should possess the previously riKuitiont'd characteristics, and 
also be uniform both in color and size. Rf'gularity in size of brick and 
joints is important where high wall strength is required. Good brick 
should be free from solubli^ salts which cause effioresci^nce, such as the. 
sulphates of linit^, magni'sia, and the alkalies. The liability to effloresce 
may be determined by allowing 3 or more l)ricks to stand on end immersed 
in \ ill. of distilh'd water for a week and then noting the appearance of 
the upper portions. 

In a structure the durability of brick may be tested by frost action, 
by alternate wt'tting and drying, and by fire. Tests of fire resistajice are 
generally inadi' on wall-panels. Resistance to frost action is b(;st ascer¬ 
tained from alternate freezing and thawing tests, which are, however, 
quite exxx'iisive. dlu* absorption test has long l)i‘en considered a measure 
of durability, although the ba.sis for this assumption is questionable. 

As indicated in Art. 291, the suction rate of a brick at thi^ time it is 
laid exercises a marked influence on mortar bond. Although the suction 
rate can be regulated l)y wetting prior to laying, such procedure is always 
a nuisance and impracticable in cold weather. Himce bricks which in 
normal condition have suction rates betAveen 10 and 35 grams per brick per 
min. are preftTred for their superior bonding qualities. 

The standard size for common and rough-face building brick of shale 
or clay is SzbJ by 34=bl by in.; for smooth-face brick the Avidth is 

with other dimensions the same. 

Tests on Building Brick.—A summar^^ of tests on laiilding-brick 
sarnies from 255 plants located throughout the United Stati's and repre¬ 
senting 37 per cent of the 1929 production is reported in Table 1. These 
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TABI.E 1.—WEIGHTED AVEllAGES OF STRENGTH AND ABSORPTION 
FOR nniLDING BRICK FROM VARIOUS PLACES IN THE 
UNITED STATES (McBurni'v and LovpwrII). 
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tests were made at the Bureau of Standards by representatives of the 
Common Brick Manufacturers Association* using A.S.T.M. procedure 
(see Ser. Des. C67-31). Table 2 shows distribution of properties of hard 
bricks covered in this survey. The terms hard and salmon were applied 

TABLE 2.—DLSTRIBU riON OF PROPERTIES OF “HARD BRICKS ’ FROM 
ALL PAltTS OF THE IJNITIU) S^PATES (McBuniiy and Lovnwidl). 
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ilKl' ul 


j of 


Wall ill Range 


age 1)1 

Jb jM;r 

I'rndui;- 

11). IJW 

IVodiii'.- 

Range, 





l^ruduc- 


Liun 

Rq. ill. 

lion 

per rieiit 





tiiin 


VViihiii 

Witliiii 


5 hr. 

48 hr. 

5 hr. 


Willi in 


JluiiKC 


Range 


Culd 

Cull] 

Hniling 


Range 

21,001 ill 22,501) 

0 46 

2101 tu :1450 

6.95 

Oto 2 00 

3.87 

2 65 

0.53 

0 16 tu 0 .30 

0.37 

1!),5[)1 tu 21,000 

0.60 

1051 ti) 2100 

3.00 

2.01 to 4.00 

8.05 

4,96 

2.77 

0.31 to 0.35 

0 45 

IH.OOl tn 111,501 

0 46 

1 HOI to 1050 

2.74 

4 Olto 6 00 

14.99 

13 00 

3.27 

0,36 tu 0,40 

0.21 

16,501 Uj 1«,000 

2.04 

1651 to 1800 

7.57 

6 01tu 8.00 

13.73 

14.22 

9.94 

0 41 to 0,45 

0,64 

15,001 tu Ui,500 

1 41) 

1501 tu 16.50 

H.34 

8 0114) 10.00 

16.52 

15.82 

13,77 

0.46 to 0.50 

1.28 

111,501 to 15,000 

:i.7i 

i;i5l tu 1500 

5.34 

10 01 tu 12 00 

11.80 

11.77 

11.19 

0.51 to 0,55 

1.17 

12,001 tu i:i,500 

4.76 

1201 to 11150 

7.12 

12.01 tu 14 00 

11.14 

14,29 

13.88 

0..56to 0.61) 

3.30 

10,501 tu 12,000 

7.78 

1051 tu 1200 

10 55 

14 01 tu 16 00 

8.84 

8,24 

13.99 

0.01 to 0,65 

8.64 

9,001 to 10,500 

H.61 

001 tu 1050 

10.44 

16.01 tu 18.00 

5.01 

5,52 

11.02 

0.66 tn 0.70 

12.37 

7,501 tu 0,000 

11.02 

751 tu 000 

13.60 

18.01 to 20.00 

2.42 

4.77 

9.14 

0.71 to 0,75 

16.81) 

6,001 Uj 7,5(MI 

15.47 

601 tu 750 

11.74 

20 01 tu 22 00 

2.22 

2.31 

5.72 

0,76 tu 0.80 

19 41 

4,501 Lu 6,0(HI 

16.HI 

451 Lu 600 

7.52 

22,01 to 24 00 

1 31 

0.64 

2 14 

9.81 tu 0,85 

15.6,5 

3,(K)1 tu 4.500 

17,07 

m tu 450 

4 35 

21.01 ti) 26.00 

0.00 

0.68 

1.95 

9,86 to 0 90 

13 89 

1,501 lu :t,oiio 

7 46 

151 tu ;ioo 

0.37 

26.01 III 28.00 

0.11 

0 00 

0.75 

9.91 to 0.95 

5.32 

Otu 1,500 

o,:i6 

Oti) 150 

0.37 

28.01 to 34.00 

0 00 

0.11 

0.75 

0.96tu l.DO 

0.51 

Tllbll INT Cl'llt 

00.00 


100.00 


100 01 

99.98 

9!) 91 


100 01 


1'AB1.E 3.-1:FFI':CT of 51 CYCLES OF FREEZING AND THAWING ON 
INDIVIDUAL BRICKS CLASSIFIED ACCORDING TO FLAd? COMPRi:S- 
S1 Vt: Sd^UENGTH AND RATIO OF 48 HR. COLD TO 5 HR. BOILING WAd^ER 
ABSORl^ddON (M(’,B\irriP 3 ^ ami Lnvewoll). 

S = Malisfactory. U = unsatisfactory (loss 3 jut cent or more in weight). Figures show 
nuinhrr of lii'icks. 



• Reported in Proc. A.S.l'.M., Vol. 33, Pt. 2, p. 636. 
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by the manufacturer and indicated brick which he estimated to be satis¬ 
factory and unsatisfactory in weathering resistance. Table 3 shows the 
effect of freezing and thawing on brick of doubtful weathering resistance. 

These tests indicate that shale brick can be separated into resistant 
material by requiring either a compression strength not less than 7500 
Ib./in.^ or a modulus of rupture not less than 1200 lb./in.- or an absorption 
after 5 hr. boil not more than 12 per cent. Bricks with compressive 
strengths of 4500 lb./in.- or more, C B ratios less than O.S, oc compressive 
strengths over 6000 lb. in.- and C B less than 0.S5 appear satisfactory in 
resistance to freezing and thawing. 

From a consideration of the existing data, the following grades and 
requirements are suggtisted for building bricks of day or shale: 


Cradc. 

ComprRHpiVi; StrpngLh 
(tpslr-d lliilwisp), 

11). pnr mi. in. 

MuduluH of Huplurr 
(Mulwipp on 7-iii. span), 

11). per f)ii. in. 

ll.al.io of -AbsorptiDiia* 

Br, 


M pun of 

5 TphIh 

] lull vi dual 
Aliniimi ni 

M pan of 

5 I’phIh 

Individual 

Mininiuiu 

AIpmu of 

1 TohIh 

1 

Individual 

Maximum 

A 

4500 t)r ovrr 

3.500 

750 (»r over 

550 

0.75 

0.80 

B 

2500-45(X) 

2(K)0 

5(X) or over 

350 

0.80 

1 0.85 

C 

1500-2500 

1250 

300 or ov(T 

200 

No ,1.. 

(imit 


* n priuirr'riit'iil iriiiy lii‘ ^aivrcl if Itrirk ;iri> nut expuHt'd lo fn-cziiiK and (hawing nr wIiltp. tlip piim- 
jircHHivc HtraiiKOi ("xcimhIh 8000 II). in.- and tlip ab.snriilion itftpv {j hr, boil in 1 i.‘8h tiiaii 8 pirr ['put. 


Grade A brick is sugg(\sted for nsi^ where strength and resistance to 
freezing and thawing in jrresence of moisture are reqiiireil; grade B is 
suggested for ust^ Avhere luAver strength is acceptable and where brick are 
not saturated when exposed to freezing and thawing; grade C is intended 
for back up or intiuior inasoniy, or for exteriors not exposed to freezing. 

First quality sewi'r br ick should show an average compressive strength 
of 8000 Ib./in.^ or inort*, a modulus of rupture of 1000 lb./in.- or more, a 
C 24 /B:, ratio of 0.75 or less, and an average aVrsorption not over 6 per cent. 
For detailed specifications and methods of testing brick, see A.S.T.M. 
Standards. 

From the average physical properties of the clay brick shown in Tabic 4 
it will be observed that the ratios of the average tensile strength to the 
average modulus of rupture range between 30 and 40 pr‘r emit and that the 
ratio of the average punching shear strength to the average compressive 
strength flatwise varies from a third to a half. 

Griffith also found that the approximate relationship between the 
crushing strength and absorption of stone (Art. 271) holds for brick and 
other structural silicates. 
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Fig. 6 shows stress-dnformation curves for three grades of brick tested 
on end. The softer varieties of brick exhibit stress deformation curves of 
still sharper curvature. The modulus of elasticity of such brick generally 
lies between 1,500,000 and 2,000,000 lb. per sq. in. 

301. Specific Gravity of Brick.—The bulk specific gravity of brick 
ranges from 1.6 to 2.5, depending upon the character of the raw materials 
and the degree of burning. Brick made from impure fire-clays generally 



Proportioimti: I)c:form[itiaa 


have a lower specific gravity 
than those made from shales. 
For well-burned brick the bulk 
specific gravity will usually lie 
between 2.0 and 2.4. Specific 
gravity of pulverized building 
brick runs from 2.5 to 2.9. 



Fiu. 0. 


Fn;. 7. 


liQ. 0. FListif* Prf)pivrti[i.s of Conunon Prick IJ.sihI in Pier Tests. The avernge crushing 
strength of these three grades of brick, crushed endwise, was 14,000, 10,500, and 
7500 lb. per square inch, respectively. {Tests of Metals, 1885, p. 1138.) 

Fiq. 7.—Showing Method of l^ailure of Brick Piers, {Tests of Metuh, 1883.) 


302. Crushing Tests on Brick Masonry.—The main conditions govern¬ 
ing the strength of brick masonry under concentric loading are: (1) the 
strength of brick, (2) the strength and elasticity of mortar, (3) quality of 
workmanship in laying, (4) method of laying, (5) regularity in form of 
brick. The .stiffness of masonry is dependent largely upon the modulus 
of elasticity ol the mortar, the quality of workmanship in laying, and the 
modulus of elasticity of the brick. 
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Fig. 7 shows thp typical method of failure of brick columns. Transverse 
failure of individual brick usually begins at loads between 50 and 80 per 
cent of the maximum (Tables 5 and 6). The pier or v/all then gradually 
sc'parates into a number of slender columns and failure ensues. 

J ABLE 4.—AVERAGE PHYSICAL PROPERTli:.S OF BRICK USED UST WAI.LS 

OF TABLE 5 


Locality ReproBBilled 
nr Kind 

Absorption 

SlreiiRtli in PinindH ]icr Siiunn* Inch 

5 hr. 
Boil 

48 hr. 

I in III oral on 

Modulus 
of Rupture 
FlatwiHi? 

LoiiipreHHinn 

El.'itwiai* 

'I’ciisinn 

PunrhiiiK 

Sheiir 

! 

ChieiiRO. 

16.5 

11.7 

1225 

3280 

417 

1100“ 

Detroit. 

22.3 

20.7 

670 

3540 

222 

1165“ 

Mississippi. 

21.7 

16 7 

820 

o4!0 

317 

1590“ 

New England. 

9.2 

6.9 

1550 

SlUK) 

601 

3550* 

Sand Ijime. 

13.2 


560 

4150 

210 

1230' 


Earh avenigt* ri'proseiUH 50 testH oxiu*pt. jih iifitcd. « leprepoiilH 10 Ii;hIs: ^ reprcHiMilH 4 teBts; rt’p- 
reseulB 70 tenlB. 


TABLE 5.— COMPRJCSSrVE STOENGTH OF IHUCK WALLS* 


Walls 8 and 12 in. thick, (i ft. long, and 9 ft. high. Solid ronstnirlion, nommnn 
bond, headers every sixth i nurse, joints ] to \ in. thick. Workmanship A, beds 
furrowed vertkal joints not filled; R, beds well s])re:ul anil vertical joints filled. 


Wnrk- 

iiian- 

■ship 

No. 
Will Is 
Tester! 

M nrtiir 
Mix 
by Vi)l. 

C ; L ; S 

Criin|)rc.ssiyc Strf'iiRilis, lb./ 

in.2 

Ri^ciiii t 
Miirlulus 
of ICIrtsticiLv 
ill l,0()0 
lli./in.- 

AviTuiri' Hiitiiis 

Brick 

I'iti Lwi.se 

Hi) 

Mnrhir 

2X4-iri. 

Cvlimlcrs 

■ {M) 


ir 

I) 

w 

Af 

JjOail at 
J'^irst eraclt 
tn Max. 
LuaiJ 

Av. 

iW) 

Min. 

B 

5 

1 : 0.1 : 3 

.'1280 

32 GO 

00.5 

755 

1300 

(1 28 

0 28 

0 H4 


5 


3.'')4[) 


1145 

805 

8;io 

0 .32 

0 35 

0,6!) 


[j 


3410 


1510 

1.'I35 

1420 

0.44 

0 46 

0 88 


Q 


8GfM) 


2710 

2040 

2500 

0.31 

0 83 

0 75 

B 

G 

1:1 ; G 

.1.540 

1100 

045 

760 

680 

0.27 

0 86 

0 .50 


(j 


3410 


12.30 

065 

116(1 

0.36 

110 

0.1)2 


Q 


8000 

1 

1840 

1710 

2260 

0.21 

1.65 

0 62 

A 

5 

1:0 : 

32S0 

.3.580 

GGO 

580 

620 

0.20 

0.18 

0 04 


G 


4l.50t 


005 

BOO 

1300 

0.22 

0.25 

0.77 

A 

G 

1 ; li : G 

3280 

1070 

585 

575 

510 

n 18 

0.55 

0 88 


G 


41,504 


625 

550 

740 

0.15 

0 58 

0 80 

A 

6 

U ; 1 i : 3 

3280 

.00 

285 

250 

G2 

0 (111 

3.15 

0 71 


G 


'11.501 


300 

280 

o;i 

0 07 

,3.35 

U.O!) 


* Dat'j Iroin I'. S. Hiireau of iSlaiidards, RPlOj^, ami 7Vi7i. RnjHr No. 276. 
j Sami linn.' Ijrick. 


Because of differences in ratio of height to least width, a homogeneous 
pier or wall having a height to width ratio between 6 ; 1 and 10:1 should 
have only 70 per cent of the crushing strength of a Virick tested flatwise. 
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Owing to mortar joints, strength and elastic properties of masonry never 
reach this ratio. The data by Stang, Parson.s, and McBurncy given in 
Table 5 and those of Talbot in Table 6 show that the strengths of walls 
and piers made from ordinary bricks and mortars usually run between 0.1 
and 0.4 of the compressive strength of the component brick tested flatwise. 


TABLE ().—AVERAGIO RESULTS OF COMPRESSIVI': TESTS ON BRICK 

COLUMNS 

[SiM! BiiUdin No. 27, Engr. Expt. Sia., IJniv. of 111.] 

Column.^ wm* J2iXl2J in. XlO ft. -'onl corLsisted of 40 to 43 noursos of brink laid 
with s ill. joinLs. 


rhfinicl RriBlitrfl of Columns 

No. of..- ---- 

Tbsib. 

llow Mix of Ako 

l.uirl Mnrliir* I)ay.s 



SllAliE BlTlLDlNll Bnit.'K 



TFfsfoEiimTRisrEn Clay JUiiok 




* P - PortliiiiLl i-iMueiil ; S- hUiiil; N~ iiiilural ri'inent; L— lime. 

t I’iii' rnuxiimiiii r.'iiiKH in MlriuiKth for any scl of roliimns wan Jbh.h llian l.'l per rrpnf. 
J Pii|)pinK wiiM prolialjly tint* to iraiiBvnrsr riipturn of brirk. 

I TIiphl' wnrt- loailcil wilh 1-iiirh nn-Piilrii-ily. 


Supporting evidi'iiec on the influence of the strength of the component 
brick is afforded by the tests reported by Bragg in Technologic Paper No. 
III. Thesis tests were maile at the Bureau of Standards on large piers 
30 in. by 30 in. by 10 ft., built of four grades of brick ranging in crushing 
strength from 1000 to 12,000 lb./in.-, with three mortars. They indicate 
that the strengths of piers can be raised by increasing the depths of the 
units or by breaking joints every few courses rather than every course. 
These ti'sts and otliers at Watertown Arsenal also show that a decided 
advantage in masonry strength obtains when brick are laid on edge. 
Insertion of wire ine.sh in every horizontal joint also caused a small increase 
in strength. As a result of these tests. Bragg proposed the expression 
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P — Kpj Vrhere P— unit crushing strength of pier, p= unit compressive 
strength of biick, tuid K is a. constant depending on the mortar. For 
brick laid flatwise^ in 1 : 3 Portland cement mortar, he suggested iv=0.27, 
and for 1 : 6 lime mortar, X = 0.11. 

1 ests made at the W atertown Arsenal * clearly show the advantage of 
using mortar stroiigtu’ than a 1 : 3 mix with very hard burned brick. In 
tests of piers of wire-cut brick having a crushing strength of approximately 
13,000 lb. pt^r square inch, those laid in neat Portland cement liad a strength 
of 31 per cent of the brick, whereas those laid in 1 : 3 Portland cement 
mort.ar possessed only 19 p(*r cent of the strength of the brick. 

The advantage oi stifiness arising from tlje use of strong mortar in the 
joints is also Avtdl illustrated in the data of Tables 5 and 6. 

The data in Tabh? 5 and other evidence from the Stang, Paisons, and 
McBuriiey tests show that increases of 30 to 100 per cent in the crusliing 
strength and mattnial gains in stiffness of brick masonry can be realized 
if the mortar is spread on horizontal joiuis and Jiiled into vertical jointi^ rather 
than grooved on the beds and omittiai from the vertiad joints. 

The existing data indicate that the crushing strength of well-laid brick 
masom-y varies directly with the ci*usliing strength of the brick and roughly 
with the cube root of the compressive vstrength of the mortar. 

303. Resistance of Brick Walls to Fire.—In a scries of fire tests on 
6X9-ft. w^all pamis at the Unde rwriters’ Jjaboratories, in Chicago, brick 
panels show ed marked resistance to fire and low^ conductivity. Tests were 
made on a 12-in. w all of well-burned Chicago brick, an 8-in. panel of hy- 
draulic-pressed brick from Indiana, an 8-in. panel of common brick from 
St. Louis, and an 8-in. panel of sand-lime brick from Indiana. The 
strengths and absorptive prop(‘rti(\s of these bricks are given in Table 7. 
With the exception of the panel made of hydraulic brick which was laid 
in lime putty, cement mortar w as used. The tt'sts w ere made by subjecting 
the face of the panel to a temperature w'hich rose to about 800” C. in one- 
half hour and then varied bi'tween 800 and 900” C. for one and one-half 
hours, at wdiich time the pamd was removed and the face quenched by 
water from a fire-hose. I'^ach high tmiperature recorded in Table 7 rep¬ 
resents an average of a number of pyrometer readings, the thermo-couples 
being arranged to secure the variation in temperature at different parts of 
the furnace and at various points on the face of the wall. 

The panels of clay brick withstood the tests better than the panel of 
sand-lime brick. The pamd of hydraulic-pressed brick w^as in the most 
perfect condition after quenching. About 18 per cent of tlui brick on the 
face of this panel w^ere cracked through and a very few were spalled. The 
Chicago brick contained lime knots which caused a large percentage of the 
exposed brick to crack when quenched. In 60 to 70 per cent of these the 

* Testa of MeialSj 1904. 
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TABLE 7—EFFECTS OF HIGH TEMPERATURE ON BRICK AND BRICK 

WALLS 

[Bulletin No. 370 U. S. Geological Survey.] 


Wall panels fired for two hours, for one hour at maximum temperature. 


Kind dT Rrink. 

Common 

Clay. 

Harrl- 

biirne[l 

Clay. 

Hyrl- 

prpsHKd 

Hnr;k. 

Sand- 

LiniP. 

ThiRkne.s.s of panel, in. 

8 

12 

8 

8 

Maximum average temperature on exposed fai;e 





in “ C. 

S50 

770 

850 

790 

Maximum average temperature on unexposed 





face after 2 hr. in “ C. 

58 

IS 

35 

55 

Mean ti*mj)Rratiire of air on uiiexposp.d face.. . . 

23 

3 

3 

19 

No. uiiPxpo.stMl hriek tnsted transversply. 

5 

2 

2 

5 

Averagp modulas of rufil ure of iinexy>o.sed brifjk, 





Ib./iii.^. 

1178 

482 

718 

319 

No. expoHpd brirk tp.slpil iransvprspiv. 

0 

0 

0 

5 

Average niodiilus of l upture of cxjiosed brick, 





Ib./in.^. 




56 

No. iifiexi)OH(!d brick cru.shpd. 

5 

13 

13 

5 

Average prii.shing .slrpiigth of iiiiRxi)o.sed brick, 





lb./in. 2. 

3866 

2720 

4440 

2035 

No. exposRil Inick crii.sbpd. 

0 

13 

13 

5 

Average crusbiiig striuigth of exposed brick, 





Ib./in.'^. 


2703 

3701 

1750 

No. unexposed * brick iinriierscd. 

5 

2 

2 

5 

Average per cent absorption, unexpthsed briek, 





after forty-eight hours’ immersion. 

6.2 

20.2 

10.7 

1 

15.9 


* Absijrptiiius of pxtiOHi’rl brick wen? almiii Ihc aumc as for uncxposcd brick. 


crarks wore suHicii'ntly XargVi to pmiiit picking off portions of the briek. 
About half of the fares of th(^ St. J^ouis brirk were so narked at the con¬ 
clusion of the test that they could l)e readily removed, and the fare of the 
wall was ilistjolonal to a ilepth of about 1 in. After firing, the face of the 
panel of sand-lime brick looked soft and chalky. It was washed away to a 
depth of I to 4 in. when the hose was applied. Only about 20 per cent 
of the exposed brick could be removed from the wall intact. 


Sand-Lime Brick * 

Although not a clay product, the fact that a million dollars’ worth of 
sand-lime brick are annually used as a sulistitute for clay brick warrants a 
brief discussion of their manufacture and properties in this chapter. 

304. Definition.—Sand-lime bricks are made from a lean mixture 

* For furlhpT infoniiatinn on sand-liinn lirirk soe Cpjnrnts, Limes and Plasters, by 
E. C. Eckel. .\n inlerrsling artide on The Chemistry nf Sand-lime Brick, by T. R. 
Ernest appears in Trims. Am. Ceramic Society, Vol. 13, p. 649. 
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of slaked lime and fine silicious sand, molded under mechanical pressure 
and hardened under steam pressure. 

305. Manufacture.—The sand should be free from (day or mica. 
Ii should all pass a 20-mesh and three-fourths of it should he retained on 
lOO-rnesli. If the grains run larger than a 20-inesh, the coarse particles 
must be screened out or reduced in a tube-mill. A high-calcium lime is 
preferred to a brown or dolomitic lime owing to the rapidity with which the 
former haidens. The rer]uisite percentage of lime varies between 4 and 
10 per cent. Generally the lime is slaked before mixing with the sand by 
placing it beneath the brick cars in the hardening cylinder and allowing 
the steam to act upon it. Often the sand and lime are mixed dry in a tube- 
mill and th(' mixture is then temiKU'ed in a sjx^cial tyjxj of pug-mill. In 
some plants the cpiick-lime is slaked, the sand ground, and an intimate mix¬ 
ture secured by running th(‘ w(d sand and lime through a wet and dry 
grinding mill, an apparatus similar to a dry-pan. Molding is done in 
powerful press(\s, sonu‘ of whiili can exert a compression of 20,000 lb. [3er 
square inch on the sui fata' of the Iniek. After r(ano\':J from the pri\ss the 
l)ri(;k are stfieked on ears which are run into thi' hardiaiing cylinders. In 
the latter a steam pri‘ssur(‘ of 100 to 150 lb. jx^r square inch is used. After 
hardening for six to Ifui Innirs the Iniek are ready for use. 

306. Comparison of Clay and Sand-lime Brick.—On accemnt of their 
smooth surfaces, evtm shapi*, fn‘edom from etfioresciuice, uniform color 
and siitisfacdory strength, sand-lime Iniidv are somc!tim(\s preferred to clay 
lu’iek. Some of the Anuaiean sand-linu; brick, however, have not l)een 
as durable wlnm exposed to the weathi‘r as good grad(\s of clay bric.k. 
Unli'ss made with gii'at care sand-lime l)riek do not resist frost action or 
fire as wadi as clay brick. 

307. Physical Properties of Sand-lime Brick.—Good sand-lime luick 
bedded flatwise have* a compr(‘ssiv(* strength betwrum 2500 and 5000 lb. 
per square inch. In cross-b(‘iiding the modidus of rupture should exceed 
450 lb. per square imdi. After boiling 5 hours good brick should not show 
mort^ than IS p(‘r ci'iit absorption. The bulk spi^cific gravity commonly 
lies between 1.8 and 2.0. 


Paving Brick * 

308. Manufacture. -Paving Imck are made from three classes of 
clay: surface edays, impure fire-clay.s, and shale. Owing to the narrowness 
of the vitrification range for most surface clays, they are apt to produce 
cither underlnirned or over burned brick. Impure fire-clays make a good 

*AilLlitinnaI iMf[)rmati[)ri on nu'thoits of maiuifticturo may 1 h' gnUi^ii from Vilrifwd 
Paring Bnrk, by H. A. Whcolir, Kan Jail & Co.; and from Burning Brick in Down- 
draft Kilns, by AV. I). Richardson, Kandidl & Co. 
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brick when sufficiently vitrified, but require a high temperature. The 
shales are by far the best source of raw material for paving brick. Wheeler 
suggests that shales suitable for paving brick should approximate the 
following analysis: silica (SiOiO = 56, alumina (AI 2 O 3 ) = 22, ignition 
loss = 7, lime (CaO) = l, magnesia (MgO) = l, alkalies (K 2 O and Na20) 
= 4 per cent. Fluxing impurities in the above analysis total 13 per cent. 

Approximately three-fourths of the paving brick produced in this 
country are vertical fiber lug brick made in 3 standard depths 2^±|, 
3zbi, and in., with a width of 4=hi in. and length of in. Of 

these sizes the 3-in. depth is the most used. These brick have plain 
wire-cut faces with two or more lugs on one side and a vertical bar lug or 
lugs on each end. Lugs extend from ^ to | in. beyond the body dimensions 
mentioned above. A small proportion of the older re-press(;d lug variety 
with four lugs on one side, still standard in the 3|±i by 4dz J by in. 

size, is also marketed. 

De-airing has bt^ni introduced in molding paving brick with accompany¬ 
ing improvements in density, strength, and resistanci^ to abrasion. 

Paving brick art^ gt'iii'rally burned in down-draft or continuous kilns. 
From seven to ten days an' required in burning and a like period for proper 
annealing. The temi)erature required to bring shales to comph^te vitri¬ 
fication (Wheehu) is 850 to 1100° C. Impure fire-clays require a tem¬ 
perature from 100 to 200° higher. 

By employing imi)ure fire-clay, with which danger of over-burning is 
small, as high as 90 per cent of first-class paving brick may be produced. 
Using shale it is not possi])le to average more than 75 per cent of first-class 
pavers. 

309. Requirements of Good Paving Brick. — FiVery brick should be 
free from marked distortion, should have one plane face, and should be 
free from cracks, checks, blisters, and kiln marks over ^ in. deep. It 
should give a high metallic ring when struck wdth a hammer and should, 
when broken, exhibit a uniform close-grained structure free from lamina¬ 
tions. The interior of a properly burned brick cannot be scratched with 
a knife. Utiifonnify in quality u- of vital importance in order that the pave-- 
merit may wear evenly. 

310. Physical Properties of Paving Brick. —Good brick should have 
a cni.shiiig strength in excess of 8000 lb. per square inch. The trans¬ 
verse strength (modulus of rupture) should not be less than 1500 lb. 
per square inch. Low transverse strength may be due to either over- 
burning or improper annealing. After immersion 24 hr. in w^ater at 
room temperaturi', shale brick when properly vitrified generally absorb 
between 0.5 and 2 per cent; brick made of impure fire-clay may absorb as 
high as 5 per cent. An absorption less than 0.5 per cent generally denotes 
over-burning. In bulk specific gravity, shale pavers commonly range 
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between 2.2 and 2.5, impure fire-clay between 2.1 and 2.3. The better 
grades of paving brick lose less than 20 per cent by weight, in the rattler 
test. Wide variation in the losses of individual brick indicate non- 
uniformity in methods of manufacture and are sufficient cause for rejec¬ 
tion of brick even though the average loss is small. 

Refractory Brick * 

311. Introduction.—Certain classes of brick are much employed to line 
flues, hearths and the various classes of furnaces used in metallurgical 
processes. Such brick must be able to witJistand high temperatures 
without undue softening or change in volume, must resist tlu' action of 
gases and slags generated tluring the process, must ri'sist abrasion when hot, 
and must possess low thermal (‘oiuluctivity. In accordance with the* 
character of the chemical reaction wdiich different refractory brick resist, 
they are divided into three classes: acid, basic and neiifral. 

312. Acid Brick.—T1 le brick w-hich are commonly used to resist tha 
action of silicious and other acid slags are fire-l)rick and silicii Irrick. 

Fire-brick are made from fire-clays which are sometimes grogged with 
small percentages of sand t o rtuluce shrinkage. Th(‘ clay generally con¬ 
sists of 4 to J silica, to f alumina and less than 10 per cent of fluxes. 
The more refractory brick are made from clays having low flux contents 
and high alumina contents. A very high alumina content, however, gives 
the brick a basic reaction. Tlie brick are molded by either the soft- or 
stiff-rnud processes and repi‘ess(‘d after partial drying. 

First class firt‘-brick slioiild have a modulus of rupture of at least 
500 lb. per square iTich and should withstand a load of 25 lb. per square 
inch at a ttunperature of 13.50° C. without deforming over 0 ])f‘r cimt. 
They should not soften at a ternpera.turi‘ less than 1700° C.f 

313. Silica Brick.—Quail/ite, sandstone, or silica sand, which con¬ 
sists of 05 per ctait or moic puie silica, are tlu' main constituents used in 
making silica brick. If the siliciou.s rock contains small percentages of 
clay it is sometimes possible to mold tiie luick without artificial additions. 
The English ganister luick is made from such material. Ordinarily, how¬ 
ever, the ground silicious rock or the sand are not sufficiently plastic when 
tempenal with watiu’ and are adulterated either w ith very small percentages 
of fire-clay or aliout I J jH'r cent of high-calcium lime. Silica brick are 
burned at temperaturiis slightly higluT than fiie-briek. 

On account of their bjittleness and expaii.dbility whi*n heated, silica 
brick must i)e laid with wade joints. The compressive, strength of silica 

* For aLlditioiiLil information on refractory matcri its reference should be made 
to IIav;ird'.s Rcfractnrips and Furnacctij from which considerable of this material has been 
drawm. 

t See Technologic Paper No. 7, U. S. Bureau tif Stan Jards. 
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brick tested flatwise often exceeds 2000 lb. per square inch. The softening 
temperature ranges from 1700 to 1S00° C. 

314. Basic Brick.—For lining basic Bes.semer converters, basic open- 
hearth furnaces, blast furnace s, copper furnaces and other veSvsels subjected 
to the action of basic slags, magnesia brick !ire quite generally used. Mag¬ 
nesia brif'k are madi' from magnesite, nearly pure magnesium carbonate, 
of which th(‘ most satisfactory supplies are found in (Ireece and in Styria, 
an Austrian provinc(\ The niagm*site is first calcined at 800° C., a tem- 
p(»ra1ure v^hich is sufficient to free tln‘ carbon dioxide. This preliminary 
calcination of flrecian magnesite is generally clone at the mines. At the 
brick plaid a hirgr^ I)ropf)rlion of the ealcimal iiroduct is sintered at a tem¬ 
perature of 1800° (\ Jl is th(‘n mixerl with 1 to 50 jxt cent of calcined 
magnesia and (he* mass is tem]MU*ed with a small proportion of water. 
For brick which must n‘sist high temi)eratures the projx)rti[)n of calcined 
magn(‘sia must b(' low. Sinet‘ such mixtun‘S are of low jilasticity a very 
little tar or magiu'sium chloride is sometimes added for a binder. The 
brick are then haml-mohlfMl partially tlriral and repressral. After further 
drying, th(‘ brick, which have very little tiaiacity, an‘ carefully stacked in a 
double hiy(‘r in a down-rlraft kiln and burned. 

Styrisui magnesite is sortiMl, dead-burned, and again freed from impur¬ 
ities. The siidiMcd magiavsia is thi'ii groiiml, tempered with a small pro- 
fxirtion t)f waliT and niohled into brick which are burned at a ttuiqKU*ature 
alxive 1700° (\ Brick made from Styrian magnesite are consitler[‘d 
more refractory than others. Their softening temperature is approxi¬ 
mately 2000° (\ 

Although not so satisfactory as magnesia, calcined dolomite, the 
double carbonate of magnesia ami lime, is often used to make refractory 
brick. The natural rock or a mixture of the rock and clay is ground, tem¬ 
pered with w'ater and nioldial into shajie. After drying these are burned 
like magnesia brick. Dolomite brick suffer greater contraction at high 
tempc'ratures than do magnesia brick. 

Ill making bauxite bricks, the bauxite which consists of 50 jx'r cent or 
more of alumina, with water, iron oxide, ami silica for principal impuri¬ 
ties is calcimal and crusln d to a fine pow der. It is then mix(‘d with 15 
to 30 jM'r cent of fire clay, tempered with w^atru- and imilded into bricks. 
Although projK*rIy burned bauxite bricks are highly refractor 3 % they have 
.such a large shrinkage when heated to high temperatures that th(‘y have 
not come into general use, Tn experiments by Kanolt * on eight samples 
of brick the melting points varied from 1505 to 1785° C. 

316. Neutral Brick. -At the slag line in a basic furnace and in cerlain 
ports, and flues where the reaction of the surrounding medium may be 
either acid or basic, refractory brick which are neutral in reaction are used. 

• Technologic Pujht Nu. 10, U. iS. Bureau of Standards. 
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Chromite, the oxide of iron and chromium, is the principal raw material 
used for making nemtral refractory brick. The ore is crushed and mixed 
either with fire-clay or with magnesia and temperea with water in a wet- 
pan. The brick are inoldtHl, dried, and bunied in much the same w ay as 
magnesia brick. Ordinarily the brick contain from 30 to 40 per cent 
chrome (Ci^O;^), with alumina, iron oxide, magnesia, and silica in varying 
amounts. Chrome brick, although vt'rj" resistant cln'mically lo tin* action 
of slags and gas(\s, are l(\ss r('fractory and weaker than magnesia brick. One 
sample tested by Kanolt had a melting-point of 2050° C. 

liuiLDiNG Tile 

316. Wall Tile, Partition Tile, and Fireproofing.— ’ .jt .naniiractunng 
wall tile, structural floor tile, partition til(\ ajid firr()roofing, silastic clays 



Ijiiad-neariiiK 
“ Spoofliile ” 



X 12 X 12-in. 
l,(»fi(l-ni*!irinK Wail 
Till; 


A -)£■— -1 



12 X 12 X 12'iii. InKul- 
HeariiiK Wall 'l ilc 



:» .MX 12-in. 
rartiliui) Till!. 
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j| 


3 X r> X^12-iii. 
Jlakup Tile. 






Furrins Tile. Flat Arch Floni Tile. 

Fio. 8.—Types of Clay Iluildiiig Tile. 


vV(/7ttA/i.r// 
Firf lyrouj'riifi 
{!f)Tponitiini 


or .‘ih.aln.s mixod with cliiy are used. They burn to a hard, dense structure 
at a fairly low temperature, generally between 1100“ and 1300° ('. 'I'liese 
forms are molded in machines of the auger or i)lunger type, and are com¬ 
monly burned in down-dralt or continuous kilns. I'ig. 8 ,show.s typical 
.shai)e.s ei the.se four classe.s of building tile. Most of such forms contain 
4.5 to 55 per cent of air space or voids. Sections .so made are sometime.s 
inacrurately called terra-cotta block.s. Hollow blocks, frecjuently termed 
load-bearing tile, are used in load-bearing walls and partitions. For 
uu[)lastered outsitle walks they are often .salt-glazed. For walls which are 
to be phrsterral, blocks, tile, and fireproofing are oftim .scored in order to 
furnish a better bond for the plaster. Load-bearing tile and .structural 
floor tile are harder to burn and .stronger than partition tile. The latter 
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are used principally for partitions which carry no superunposed load. 
Fireproofing differs from partition tile chiefly in shape and size. 

The advantages of hollow block and fireproofing are lightness, low perme¬ 
ability to water, low heat conductivity, and a rough surface to which plaster 
may be directly applied, thus avoiding the necessity of furring and lathing. 
Fire tests have shown, however, that partition tile and hollow blocks are 
likely to split at the junctions of webs and faces, especially when the hose 
is turned upon hot partitions.* It is, therefore, safe practice to insist on 
fire tests of hollow block panels when they are to be used for fire protection. 

Load-boaring wall tile of good quality should be true in shape and 
dimensions. They should have a compressive strength when loaded on 
the sides in excess of 700 Ib./in.^ of gross area and double that value when 
loaded on tpe ends. The better grades of wall tile exhibit strengths of two 
to three tpnes these amounts. After boiling for 1 hr., good wall tile for 
service e: posed to th(i weather should show less than 16 per cent absorption. 

StruiAiUral clay load-bearing floor tile for arch construction, when loaded 
on sides should exhibit cornprcssi/e strengths in excess of 1600 Ib./in.^ of 
net area and double that amount when loaded on the ends. 

The variability of wall tile and the necessity for testing them are shown 
by a larg5 series of tests reportc in Proc. A.S.T.M.j Vol. 17, Pt. 1, p. 334. 
Tile were selected by manufactu»'ers to represent their product fairly. The 
compressi strengths in these tests ranged from 95 Ib./in.^ of gross area, 
for a soft-burned tile loaded flatwise, to 6000 Ib./in.^ for a medium-burned 
tile tested oi end. Absorption, by weight, after boiling 5 hr., ranged from 
per cent fo" a hard-burned specimen to 20.3 per cent for a very soft tile. 
X 317. Tests of Pilasters and Hollow Block Columns.—Crushing tests on 
lo\pilasters between 12 by 12 and 20 by 24 in. in cross-section, laid in 
IL : 1C : 4S mortar and loaded to duplicate structural conditions, were 
made by Shank at Ohio State University in 1936 (see Expt. Sta. Bull. 
No. 57). On pilasters made of common forms of load-bearing tile faced and 
capped with Detroit common brick the range in strength based on gross 
area was 489 to 805 Ib./iii.^, average 550 lb /in.^. For pilasters of Detroit 
common brick the values ranged from 802 to 928 and averaged 864 Ib./in.^. 

In Bull. No. 27, Engr. Expt. Sta., University of Illinois, Talbot reports 
two series of test on columns made of hollow blocks 8 in. high, 4 in. wide, 
and 8 in. long, containing about 15 per cent of cell space. The blocks 
were laid in Portland cement mortar. Their compressive strengths varied 
between 3350 and 9070, averaging 5451 lb./in.- of net cross-section. 

The seven columns tested in 1907 were approximately 12 ft. h.'gh; 
the twelve columns of the 1908 series were 10 ft. high. Columns of the 
earlier series ranged in cross-section from 8^ X8^ in. to 17^X17| in.; all 
the columns of the later series were 12^X12^ in. in cross-section. The 
* Bulletin 370, U. S. Geol. Survey. 
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columns of the earlier series were laid in 1 
umns of the series of 1908 
were laid in 1 : 3 mortar. 

The strengths of the col¬ 
umns tested in 1907 varied 
from 2710 to 3440 lb. per 
square inch; those tested 
in 1908 had strengths 
ranging from 3040 to 4300 
lb. per square inch, the 
latter value being esti¬ 
mated. By reference to 
Art. 302 it will be noted 
that the strengths of these 
hollow block columns com¬ 
pare very favorably with 
the strengths of first-class 
brick columns. The initial 
modulus of elasticity of the 
columns varied between 
1,910,000 and 2,860,0001b. 
square inch. 

\y 31B. Roofing Tile.—For 

making roofing tile, the 
clay must not only be 
plastic, but it must dry 
and burn without suffer¬ 
ing distortion. Consider¬ 
able care is also required 
in preparing the raw ma¬ 
terial. After being ground 
in a dry-pan and finely 
screened the clay is pugged 
in a wet-pan and made 
into balls which are stored 
in bins until wanted. The 
balls ? then taken to an 


2 mortar. Most of the col- 




EERMAN TILE 



CLOSED SHINGLE 
TILE 



pjQ 9.—Examples of Various Roofing Tiles. 
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types of tile are shown in Fig. 9. After drying, roofing tile are burnt in 
saggers in down-draft kilns. Tile which are to serve as insulation 
against heat are soft-burned and porous. Where tile are to be subjected 
to freezing they are burned harder or glazed. 

Roofing tile should be strong, duralde, free from soluble salts, and 
impervious to water. Roofing tile, when properly made, form a strong, 
durable, fireproof roof which is a poor conductor of heat. The chief 
objections to tile roofing arc the expense and the heaviness of the con- 
stniction. 

^ 319. Floor-tile.—Whitevburning and red-burning clays, fire-clays and 
shales are used in making tile for floor surfaces. The cliii^f considera¬ 
tions are color when buriietl, freedom from soluble salts, and absence of 
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Fig. 10 .—Floor Tilo !intl WliU Till* Desifjjiis. (o) and (/O floor tile, (r) wall tilt*. 


distortion and checking in burning. The dry-press proc(‘ss is used in 
molding, and down-draft kilns in l)uriiing. 

Idoor-tile may be divided into two classes in accordance walh the 
method of molding the design into tlie tile. They are face-tile, commonly 
called encaustic tile because they have a burnt-in design, and plain 
tile. 

Plain till* are composed of the same clay or mixture of clay throughout. 
Freiiuently these are made in the form of mosaics. They may jp ‘ either 
vitreous or semi-vitreous. 

Plain faci*-tile are imide by covering tlie die forming o/^- the 

mold with a thin layer of s|HM*ially prepared clay, filliie/ny^y^y ^ ^h a 
clay backing and com])acting in a hand jiress. In 

a cellular frame is placed on the l>ottom Jlu* p’ ^^^Ve'^he 

lax^n properly colored are screened int^ 
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with the pattern scheme. The frame is then removed, the backing in¬ 
serted, and pressure applied to compact the tile. 

Floor-tile should show little absorption, have a high transverse strength 
and 9 ^high resistance to abrasion. 

\/320. Wall-tile.—Tile for surfaces of walls differ from floor-tile prin¬ 
cipally in design and degree of burning. Wall-tile are burned at a com¬ 
paratively low temperature, glazed, and fired again in a muffle-kiln at a 
still lower temperature. Wide difference in color, in shades of a single 
color, and in relief design can be obtained. Wall-tile are much used in 
wainscotings and to some extent in arches and ceilings. Floor and wall- 
tile designs appear in Fig. 10. 

( Terra Cotta 

321. Terra Cotta.—For the ornamentation of buildings and structures 
decorative terra cotta is widtdy used. It is less costly than stone when a 
number of pieces of a given pattern are frequently repeated in a structure. 
This economic advantage is especially worthy of consideration when the 
repeatt'd patterns are of intricate design. The material weathers well 
and because of its glazed surface can be cleaned more easily than a porous 
stone. 

TtTra cotta is made from a finely ground mixture of fire-clay and shale, 
or fire-clay and impure clay, which is adulterated with grounil brick or 
other burnt-clay product to reduce shrinkage. Plain fr>rms of uniform 
section are extruded tlirougli di(‘s; other simple shapi's are hand-molded in 
plaster molds. Intricate patterns are modtded in green clay by sculptors 
and used for making plaster molds. Thirty to fifty piect's can be repro¬ 
duced from a giviai mold. Afti'r being moldiMl, terra-cottji parts are. slowly 
dried to avoid checking and warping. 'I'hey are then sprayed with a slip 
to impart the desired color to the goods on burning. To some parts 
glazes of bright or dull finish are also applied. Burning is done in muffle 
kilns or in contimious tunnel kilns. In the latter a period of about five 
days is required to burn the product. Tlie maximum temperatures 
attained are about 1100 to 1200° C. To avoid kiln marks eacii niece is 
independently supported on fire-clay tile. After burning, rough edges 
are removed and parts are assembled and ground to fit. 

Clay Pipe 

322. Sewer Pipe.—In the construction of .sc^wors clay pipe has long 

been successfully used. S pipt; must have high strengt h in order that 

it may carry the ditch f To successfully withstand thii action of 

acids and gases in the s h(* pipe must be harrl-burned and imper¬ 
vious. They should b "Straight, smooth on the interior, and 

substantially free ivf - ^—tes, and lamination.s. 

i the maximum absorptior 
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Sewer pipe is made from red-burning clays, fire-clays, shales, and mix¬ 
tures of shale and fire-clay. It is generally molded in vertical double¬ 
cylinder presses from a stiff-mud mix, although some pipe is made by the 
dry-press process. Sewer pipe is commonly burned in down-draft kilns 
at temperatures between 1050° and 1300° C. The term vitrified pipe is 
often a misnomer, since the burning temperature frequently is insuffi¬ 
cient for vitrification. However, the firing should be carried to the stage 
of incipient vitrification. Salt glazing is generally practiced to insure a 
smooth and impervious surface. The pipe is made in lengths of about 3 ft. 
and in diameters up to 42 in. Sewer pipe are commonly provided with a 
bell on one end, into which the small end of an adjacent pijx; is fitted. 
Joints are filled with 1 : 1 Portland cement mortar.* 

In general, small fragments from good pipe will have an absorption 
less than 7 per cent after boiling 5 hr. in distilled water. Results of 
crushing tests in which the lower portion of the pipe wus bedded in sand 
and the load applied on the top through a hardwood strip 1-in. wide 
appear in Table 8. 

TABLE 8.—CRUSHING TESTS ON SEWER PIPE MADE BY THE MUNICIPAL 
SEWER-PIPE TESTING LABORATORY OF BROOKLYN, N. Y., IN 1909 


[Sec M unicipalJ ournal, Vol. 38, p. lOO.J 


Size nf 
Pipe, In. 

Total 

Number 

Tested. 

Number 
Tented to 
Den truetJen. 

CrushiiiK StroiiKtliB in Pounds 
per Linear Foot of Pipe. 

Heiiuired 
Strength, 
Lb. per Fl.t 

Perrentage 
of Failures. 

Maximum. 

Minimum. 

Average. 

6 

170 

169 

2333 

1033 

1537 

1000 

0 

12 

245 

245 

2900 

933 

1542 

1150 

2.04 

15 

72 

72 

2800 

1300 

1935 

1300 

0 

18 

25 

25 

3100 

1734 

2389 

1450 

0 

24 

17 

14 

3800 

2200 

2825 

2000 

n 

30 

2 

2 

3280 

3240 

3250 


0 

30* 

2 

2 

3240 

3080 

3150 


0 


* Duublt! BircnKth pipe. t Local Btandtird. 


323. Drain Tile.—Clay drain tile are made prir^ipally from shales 
and impure clays. The smaller sizes are molded auger machines, but 
the larger ones are made in sewer-pipe presses. . are burned in a 

variety of kilns sometimes with brick or firepr^^ofing Kjln temperatures 
are lowpr than those uspd in btirning sewpr pipe, although tho better grades 
of tile are burned until steel-hard. Salt-glaziiUg is sometimes employed. 
Drain tile are generally cylindrical in fo^d ila.id laid with uncemented 
butt joints through which the drainage w^^ress. ^ ts 

o. , 

• The remarka in Art. 309 eoneeminr ' 
the hammer of paving brick apply^reencd 
of drain tile. 


Iness, texture, ring under 
e and the better grades 
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Drain tile and sewer pipe should conform to the strength requirements 
tabulated below. These values are the same as the crushing loads per 
foot of length under sand bearings (see Art. 293). For relation of load to 
strength requirements for other bearings see A.S.T.M. Specifications. 


AVERAGE STRENGTH REQUIREMENTS FOR CLAY AND CEMENT DRAIN 
TILE AND SEWER PIPE (From A.S.T.M. Slanth.rd.i. 193G) 


Drain Tilk 

Sewer Pipe 


1 Minimum AvRrage Ordinary 

Support! iig 




Slrenetli in I’oiindH uer Linear Foot for 



Internal 




Internal 

Minimum Crushing 

Diameter of 




Diameter 

Strength in Pounds 

Tile, In. 

Fiirm Drain 

Standard Drain 

Extra-Quality 

of Pipe, In. 

per Linear Foot 


Tile (a) 

Tile 

Drain Tile (n) 



4 

800 

1200 

lliOO 

4 

1430 " 

5 

800 

1200 

1600 



6 

800 

1200 

1600 

6 

1430 

8 

800 

I2()0 

1600 

8 

1430 

10 

800 

1200 

1000 

10 

1570 

12 

8tK) 

1200 

1600 

12 

1710 





15 

1960 

15 

1000 

1300 

1600 

18 

2375* 

18 


14(K) 

1800 

21 

2850* 

21 


1550 

2100 

24 

3425* 





27 

3950* 

24 


17(K) 

2400 

30 

4525* 





33 

5050* 

27 


1850 

2700 

36 

5575* 

30 


2000 

3000 



33 


2150 

330(1 



36 


2300 

3600 

M .S.T.M. 


39 


2450 

3900 

Tent. Sid.j 


42 


2600 

4200 

1938. 



(ii) Furin driiiri tile for ordiriRry privutR draiiiiiKi* work on furins where tlie depth and sizi; are 


ih) WLuiitlarrl rlruifi UIr is for distrirh dniiiiafTR at moderate depths, 

(c) T')xira-(i\inlily drain tile ia fur diatrirt drainage where the depth ia large and a first claBa pipe is 
needed. 

Three methods of testing tile are outlined in Art. 293. 

Tlie maximum absorptions permitted by A.S.T.M. specifications for 
the three classes of drain tile are: 


Kind of Tile 

Maximum Percentage of Absorption 

Permitted in 
Extra Quality 

Farm 

Standard 

Shuk* and firt cltiv. 

11 

9 

7 

Surface clay. 

14 

13 

11 

Concrete.- 

12 

10 

9 


For sewer pipe the maximum absorption should not exceed 8 per cent. 
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324. Conduit.—In large cities considerable use is now made of clay- 
conduits for carrying underground cables and wires. Hollow rectangular 
prisms rounded at th(* corners and traversed by several longitudinal 
ducts are much eiriployr*d in lengths of about 3 ft. Conduits are made of 
the same material and inohhaJ in the same manner as fireproofing. They 
are, however, hard-burned and salt-glazt‘d to render thiaii impervious to 
v^ter. 

326. Reinforced Brick Masonry.—Impetus has been given to the use 
of reinforcial brick masonry sincti 1922 by tht^ results of numerous strength 
tests * of slabs, b(‘ams, and columns, and applications in small structures. 

Tests were made in 1932 at the University of Wisconsin on twenty-five 
8 by 12-iri. beams loaded at th(‘ third-points of an 8-ft. span. These 
beams containeii 0.5 to 2.3 per cent of longitudinal steid and variable 
amounts of Z-shaped strad stirrup reinforcement. The data iinlicate that 
formulae used in designing reinforced concret(i beams can be applied to 
reinforced brick beams provided due alttuition is given to mortar bond, 
filling of joints, coursing, and proj)ortion and arrangement of reinforce¬ 
ment. Two b(‘ams of Chicago common brick laid in IL : 3C : 12S mortar 
(by weight), carrying IJ p(T ccait of longitudinal steel and a stirrup ratio 
of 0.0045, gave M/b(P values of 397 and 543 lb./in.-. With a strongt^r 
brick, a beam having 2.3 p(‘r cent of longitudinal steol and a stirrup ratio 
of 0.0048 failed in compression and developed M/f)d- = 840 lb./in.- and 
v = 294 lb./in.-. 

Tests on thirty-two 12] by 122 -in. brick columns 6 ft. and 12 ft. high, 
reinforced with longitudinal rods and hoop stead placed in tht‘ joints, were 
also made at tin* University of Wisconsin. Those tests and others madr^ 
at Ltdiigh University show that the strtmgth of such a column varies 
directly with the strength of the plain masonry, and with the percentages 
of longitudinal and hoop steel. Hoops serve to prevent suddim failures. 
In the Wisconsin tests a column made with a high-strength brick, 
IL : 3C : 7^S mortar, and loaded with lA per cent of hoops and 4 per cent 
of vertical steel carried a maximum load of 5050 lb./in.- on gross area. 

Since the integrity of reinforced brick mas[)nry depends upon the 
development of a strong pi'rmanent bontl, all joints must be carefully filled. 
In the lower coursf’s of beams the use of brick of spt'cial shapes or tile 
keyi d to thi‘ mortar and reinforceiin'nt promotes durability of such 
courses. 

Reinforced brick masonry requires little form work and has many 
architectural possibilities. It appears well suited for buildings, retaining 
walls, culverts, bridgrvs, reservoirs, sewers, bins, and chimneys. 

• S('n Rull. No. 'M, Kn^jr. llxpt. St.i., ITniv. of ]\Io.; Bull, No. J) iiiul No. 15, Kngr. 
Uxpt. Htii., Virginiii Poly. Jnsl.; Prnr. A.S.T.M., Vol. 311, Pi. 2, p. G51, iiml Vol. 34, 
Pi. 2, p. 38f; Jour. Am. Ceramic Noverabrr, 1933. p. 584. 
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PORTLAND CEMENT 

326. The Cements of Construction.—The cementing materials which 
are most used in engineering const ructions may be classified as follows; 

f Portland cement 
j Natural cement 

1. Hydraulic cements ] Puzzolan cement \\'ill set under 

Blended cement water 

High alumina cement. 


2. Limes 


3. G 3 ^psum Plasters 

4. Bitumens 

Only the first three class(‘s will I)e discussed In^rtin; ff)r thr: properties and 
uses of bitumens, nTerenci' may b(' made to AspkalU and A UM Subfitafwes, 
by H. Abrahams, and to Highway Demjn and Ctyndnivlian^ by A. G. 
Bruce, nr to otluu' standard works on pavrunents. 

Owing to the widespread use and importance of Portlaml ctunent as a 
material of conslruction, and on account of the lU'cr'ssity for a thorough 
knowledge of its jjropertit's in ordi'r to properly fabricate it into struc¬ 
tures, we shall consiiler at st)iTU^ length its iiaturi!, manufacture and 
proi)erties. 

NATURE OF PORTLAND CEMENT 

327. Definition.—In the sjx^cifications for Portland cement the fol¬ 
lowing definition appears. 

“Portland cement is tln^ product obtained by finely pulverizing clinker 
produced by calcining to incipient fusion, an intimate and properly 
proportioned mixture of argillac(*ous and calcareous materials, with 
no additions subsequent to calcination excepting water and calcined or 
uncalcined gypsum.” 

328. The Characteristics of Portland Cement.—Although the char¬ 
acteristics of Portland cement art* not measures of quality, they often serve 
to distinguish differences in brand and to separate Portland from other 
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( Quick lime 
II 3 lira ted lime 

Hydraulic lime (sets under water) 

Plaster of Paris 
' Wall plaster 
Hard finish plaster 
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cements. Normal Portland cement is a flour-like powder which varies in 
color from a greenish gray to a brownish gray. Wliite Portland cement is 
also successfully produced. In general, the specific gravity of Portland 
cement is higher than that of other hydraulic cements, lying between 
3.10 and 3.20. The specific weight is variable, ranging from 75 to 95 lb. 
per cu. ft., depending upon the compactness; it is considerably higher than 
the specific weight of niitural cement. Portland cement when mixed with 
water sets more slowly than natural cement and more rapidly than 
puzzolan cement. 

To meet the demands of various types of construction and differences 
in exposure, four varieties of Portland cement arc now marketed: 
(1) normal, (2) high early strength, (3) moderate heat, and (4) sulphate- 
resisting Portland cements.* Of these the high-early-strength variety 
hardens most rapidly and acquires greater strength in a week than any 
hydraulic cement excepting high alumina cement. The rate of hardening 
of normal Portland is next in rapidity and that of the sulphate resisting 
varij^y is least of the Portlands. They all harden more rapidly than do 
t^natural, puzzolan, or Portlaiid-puzzolan cements. 

329. Composition Buid Constitution of Portland Cement.— Composition. 
The three fundamental constituents of hydraulic cements are lime, silica, 
and alumina. In addition to these, most cements cofttaiii small propor¬ 
tions of iron oxide, magnesia, sulphur trioxide, alkalies, and carbon dioxide. 
In the ■manufacture of the high-early-strength cements, additions subse¬ 
quent to calcination, not exceeding 1 per cent of harmless materials other 
than gypsum or water, are permitted. The usual limits in oxidi‘ compo¬ 
sition for normal and for high-early-strength Portland cements produced 
in the United States are here tabulated from the published analyses of a 
large number of cements: 

Usual PpretintaKP LimilB 

Oxide Nornuil I’L>rUaiid ll.E.S. Pnrtlaiid 


Limp (CaO). 62-05 

Silirn (SiO^. 19-22 

Alumina (.41-20a). 4-7 

Irnii Oxidp (Fp-iOa). 2-4 

Magnesia (MgO). 1-4 

Sulphur Trioxide (SOa). 1 5-2 

Alkali PS (K 2 O -l-Na aO). 0.3-1 

Watpr (H 2 O) and Carbon Dioxido, 

(CO 2 ). 1-3 


63-66 
19-21 
4-7 
2-4 
1-4 
2 2.5 
0.3-1 

1-3 


Although the oxide composition has been the basis of proportioning 
the raw materials in manufacturing Portland cement, and although good 
cements are made by following rule-of-thumb methods and giving especial 
care to details, nevertheless the properties of the mineral compounds formed 

* See United States Government Specifications, Govt. Printing Office, Washington. 
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in the burning process determine the quality of the cement. Studies of 
the properties of these mineral compounds by petrographers and physical 
chemists have led to a better understanding of their function in Portland 
cement and to better methods of proportioning raw materials in manu¬ 
facture. 

Constitution. —From the investigations of I^e ChAtelier,* the French 
chemistj Tornebohm, the Swedish petrographer, Day, Shephard, Rankin, 
and Wright f at the Geophysical Laboratory at Washington, and the 
recent studies of Brownmiller and Bogue % of the Portland Cement 
Association, it has been shown that the four principal mineral compounds 
in a well-burned Portland cement are: 

1. Tricalciiim silicate, 3Ca0 Si02 symbolized by C3S; 

2. Dicalcium silicate, 2Ca0 Si02 symbolized by C 2 S; 

3. Tricalcium aluminate, SCaO-ALOa symbolized by C3A; 

4. Tetracalcium aluminum ferrite, 

4CaO • AI2O3 ■ Fe 203 symbolized by C4AF. 

Under certain circumstances the alumina may be partially combined as 
5 Ca 0 - 3 Al 203 = Cr,A 3 , and some uncombined or free lime may be 
present. American cements also usually carry small amounts of free 
magnesia. ^ 

-330. The Setting and Hardening of Portland Cement.—If Portland 

‘^ment clinker is pulverized with 2 or 3 per cent of gypsum and tempered 
with water, the resulting soft paste slowly loses its plasticity, stiffens, and 
hardens into a rock-like mass. When the paste has lost its plasticity and 
become sufficiently coherent to wdthstand a certain arbitrary pressure, it 
is said to have acquired iivitial set. On acquiring a rigidity which enables 
it to withstand a higher intensity of pressure, it is said to have attained 
final set. After final set the paste exhibits a marked increase in rigidity, 
strength, and hardness Avith time. This transformation is termed hard¬ 
ening. 

There has been much dispute concerning the nature of the intricate 
setting and hardening processes, but there seems to be good evidence to 
support the following statements concerning the actions of the mineral 
components in the setting and hardening § of Portland cement mortars 
and concretes. 

1. The flash set of the unadulterated, finely ground clinker is due to 
the rapid hydration of the aluminates C3A and C4AF. The rapidity of the 

* Constitutim of Hydraulic Mortars, by H. I>e Chfi,telior (trans. by Mack). 

t Enyr. News, Vol. 65, p. 350; also Jour. Industrial Chemistry, April, 1911. 

t Am. Jour. Science, Vol. 23 (1932), p. 501; also U. S. Bur. Stds.. Res. Paper No. 684, 

§ See Portland Cement As»oc. FeUowshi-p Papers, No. 17 and 27, by R. H. Bogue 
and by R. H. Bogue and W. Lerch; also The Chemistry of Cement and Concrete, b> 
F. M. Lea and C. H. Desch. 
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action increases with the proportion of the aluminates present and is regu¬ 
lated by the addition of 2 or 3 per cent of gypsum. The latter reacts with 
the hydrated aluminattis to form fine crystalline needles of calcium sulpho- 
aluminate, which action retards crystallization of the calcium aluminates 
and thus delays set. The strtingthening effects of the aluminates is most 
potent during the first 24 hours and does not extend beyond 28 days. 

2 . The action of water on tricalcium silicate, C 3 S, proceeds less rapidly, 
forming supersatui’ated solutions from which emerge crystals of calcium 
hydroxide and amorphous masses of colloidal * calcium hydrosilicate. 
The colloid swells slightly as it takes on water and shrinks as it solidifies 
into a gel. This gel envelops groups of unattacked cement grains, which 
are gradually hydrated and further increase the density, impermeability, 
and strength of the harflened paste. This hydrolysis of the grains is 
well und(*r way in 24 hours and has made a iiiarkful advance in 7 days. 
Thti rate of hydrolysis of C 3 S and the charaettu* of tlie gel developed are 
the main causr\s for the early hardness and strength of ceanent pastes. 

3. The Vieta-tlicalciurn silicate, is hydrolized into a gel at a veiy 
slow rate. Its infliKuice on strength anti hardness is small at ages less 
than a month, but at one year it contributes proportionately nearly as 
much strength as does C 3 S. 

The colloidal thtu)ry of setting and hardening of I^ortland cement was 
first advanced by W. Michaelis, Sr., in 1893. f Those who believe in this 
theory maintain that, wluai a finely ground cement is gaged with water, 
a supersat-urattal solution containing calcium oxide, calcium aluminate, 
calcium sulphate, and calcium ft^rrite is ft)rmed. Owing to the insolubility 
of the calcium sulphoaluminate in lime water, it crystallizes as prt^viously 
mentioned. Tluai the oversaturated solution coagulates in a gel formation 
about the cement grains, many of which arc unattacked. This plastic 
hydrogel containing calcium hydrosilicate, calcium hydroaluininate, cal¬ 
cium hydrofiTiite, and a small proportion of lime gradually hardens, 
partly l)y withdrawal of water by the unattacked cement grains and 
partly by crystallization of these components. The hardening of cement 
in air is hastened by the evaporation of a portion of the water. Owing to 

* Thprt* arc a ivuinbiT uf .st)liils which, when very finely piilverizeil and mixed with 
cerlain liquids in highly supersaturated .solutions, will form more or h'ss rigid bodies 
by eoagulation mid subsequent desiccation. No crystalline structure is evineed during 
or after desiccation. On nccount of the glue-like properties which such substances 
exhibit in hardening, they have lieeii named colloids. 8ome substances may form either 
colloids or crystalloids, depending ii|M)n the degree of supersaturation of the liquid 
solution. Colloidal solutions will not pas.s through a parchment membrane, whereas 
CTyatalloid solutions will. A colloidal aqueous solution is often called an hydrosol. 
When it becomes gi^latinous it is termed an hydrogel. The boiling-point of an hydrosol 
is the same as the boiling-point of water. 

t Ctrmnl utuI Erigirwermg Neu}s (trans.), Vol. 21, p. 299. 
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the evaporation of water during air hardening^, however, ini);;V teitln^it 
irrains are imperfectly hydrated than in wati'r hardeniii;^^, and shrinkiiKe 
of tlie colloid is very marked. 

Since crystals are formed from sohiiions hny supersaturation 
Michaelis claimed that the addition of gypsum^ wldeli brings on crystalliza¬ 
tion, will therefore retard the setting prf)ce^s.. This follows siiur, owing to 
the low supersatiiration of the initial mixtun*, some crystallization must 
take place before* coagulation of the hydrogrd. 

Michaelis' theory has been partially verified by the microscope. Sec¬ 
tions of hardened Ihjrtlaiid ceineiit paste* have* revealed the coIh)idal 
structure surrounding grains of unattackofl clinkt'r. In fact Stern * 
estimated that only half of the ceanent grains are a(tack(‘d b\ v\aler in 
ortlinary pastes of ce'nnait. '^bhat the* attack of watea- is imomplete mav 
be proved by holding llu* broken ends of cenuait briiiuetti's in contact 
ninler water for several days, aftru- \Ahich cohesion \a dl lia\(* taken ])laci*. 
It has b(*en demonstrated that the powrier fornn*d by crushing and grind¬ 
ing neat cement briipiettes has cement it ioii^- projie-ties, and ])ri(iuett(‘s 
made after a second n‘grin(ling havi* poss(‘ss(‘d a Iona stn ngtJi 

331. The Calculation of Compound Composition of Portland Cements. 
Hogue t has developed a nudlnnl for calculating tin* eoin])ounil coni|)osi- 
tioii from tin* oxide analysis of a ceiin‘nt. This nu‘tlio(l is based upon 
cooling of the cliidu*r at piiL’h rati* that e(|uilibriuin is inaintaiin‘(l. Although 
e(|uilibrium do(‘s not usu;»-lly olitain in connnercial optaations, valuable 
information can be* deriv(‘( frrnn such calculatif)ns. Hn* method is suni- 
marizetl in the folloAving stefs and appendeil tabh*. An accurati* clu'inical 
analysis is enten*d in tin* first cul’niin of tin* tabh* as sIioaaui 

Sinc(* tin* ratio ot the atomic'M‘ight ot ( aO : S()j ^ofi t)7 : 80.005 = 
0-70 : 1, f*arh perc(*ntage of SO.j conJnnes AAith 0.70 ])i'r et*nt of (^i() to ' 
form 1.70 per cent of CaSOi. Jlence'be j)ercentag(‘ f)f linn* n'tjuired to 
satisfy S().j( = 0 7Xper c(*nt S();0 is r(*cor(h 1 as r\ in column 4 of the table, 
opposite Cat), the i)(*rccntagf* of S();{ is ai ' (*ntf*red in ct)hmm 4 and the 
C'aS ()4 content is summed and entered at the »ottom of column 4. 

Similarly, sinci* the atomic ratios AljO.j Ft*j()., = 101.92 : 159.08 = 
0.64 : 1 and 4Ca() : FejO;, = 224.28 : 159 68= 4t) : I, it is evident that 
each percentage of FeJ().^ (*nters into combinaL )n with 0.64 i)(*r cent of 
AI 2 O 3 and 1.40 p{"r cent of Fat) to form 3.04 per C(*i 1 ^4Fat) -Alj ()4 -Ft* 203 . 
Therefore 0.64Xpercentage of Fejtbi is entered a ], oj)posite Aljfl^g - 
column 5, and 1.4 Xpercentage of Fe^Oj is ontereeec; r-j, opposilf* Fai'^Kht 
column 5; the percentage of Fe20.j is re-c*ntcred hinite same columiid on 
the percentage of CTAF is summed at the bottom. 2.1 high^ 

* ChcTiLikfr Zcitung, lOOS, Nfi. 47 anil K5; Sttihl u. Eis( ^ /ol. 28, p. ],'542 
Kgl. MatFnnl/jruf ungstirnl, 27, ]). 7, anti Vol. 28, ij. 173. 

t Port Ian fl Cement As'ioc. Feltmvship Przyw'r, No. 21, (Urulfidtm of Voinpo^^^^ 
Portland Cement. 
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nractically none of the magnesia is combined, it is entered as 
free at the column 2 . 

The total alumin minus ai, entered as 02 in column 6 , is available to 
combine with lime to = 108 21 : 101.92 

= 1.65 . 1. Hence each P^-.rcentage of this available aluminaXl.65 is the 
percentage of CaO required li^j. Q 3 A, and it is entered opposite CaO as C 3 
in column 6 . Summing quantitiv,,g column 6 gives percentage of C3A. 

The CaO available to combine Si 02 is total CaO minus (free 

CaO+ci+C 2 +C 3 ), call this difference ^ Then the total silica (s) is cal- 
culated first to combino with CaO to Since the ratio 2 CaO- 

Si 02 . fei 02 = 172.20 . 60.06 = 2.87 : 1, eaciy^ percentage of sX2.87 is the 
percentage of CaS. Thi.s first approximation, CaS is entered in column 8, 
opposite SiOa. By subtracting this value ofi from the sum i+c, the 
amount of CaO (call a) available for combi nation with 2Ca0 Si 02 to 
form 3Ca0 Si 02 is determined. Since the .im+in ‘^rnO-SiOv ■ PnO — 
228.27 : 56,07 - 4,07 : 1, multiplying c. by 4.07?^“ At — oVci 
which IS entered at the foot of column 7. By fe.iubtracting this value of 
C 3 S from the true percentage of C 2 b is found entered in column 8 . 

Should the computed percentage of C 3 S be grpgater than r+s, no C 2 S 
is present. In that case the content of C 3 S is . fmind fnim mtin 
30.0 810, : .810,-228,27 : 60.06 - 3.8 : 1, Hcn.^ATo preotAe of 
C 3 S IS obtained by multiplying the percentage of ‘"giO;, by 3.8. This latter 
value of C 3 S, subtracted from c+s, gives the -.percentage of uncombined 
lime. This last condition can only obtain w’.hp„ Umg jg jn cxce,ss of the 
amount required for equilibrium and the free has not been deducted. 


RECORD OF SlCiNIFICANT DATA ’ 


OxideM 

Aiiiily.si.s 

Free <’uO 

CaO 

113 

0 

0.2 

MkO 

3 

1) 


AljOi 

5 

r. 


F RjiOi 

SiOa 

3 



22 



SOs 

1 

5 


Ik- Cohh 

1 



Tna. Rpfi. 

0 



Free CiiO 

n 

2 


Ignition Losh 

Firp MgO 

- jiy^ ill— 
-ihsiMn 

On > 2 


3 

0 


COMPOS ^ 

- 


^OR COMPUTING COMPOUND 
TTION 


■O 34 - 


(TiSO^ 


CdMI'OUNDH 


F P 2 O 3 -|- 


= 4.0 
= 2.2 


C 4 AF 


Al.20a + 


= 5.4 
= 3,3 


r anil s 


= 51.5 


CsA 


8.7 


C 3 S 


and C4 


(r4=l0.3 


(i3.2 approx. 


C 2 S 


exL hcyl 

collince errors in els, tliQical analysis of 0.2 per cent in determinations of 
soil! alumina, silicfsolutu^ oxide will make errors up to 1.5 per cent in 
compounds, ^pj-centages for the latter should be rounded off to 
is ignition loss is high, the analysis should be reduced 

I inker basis prior t compound calculations. 
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As previously mentioned, Bogue^s method of calculation is based on 
the assumption that the clinker is slowly cooled at such rate that equi¬ 
librium is maintained and the crystallization is complete. Lea and 
Parker have shown that values calculated by the Bogiic method may be 
considerably in error if the clinker liquid crystallizes independently of the 
solids formed, or if cooling is so sudden that no crystallization takes place 
and glass is formed. For the case of independent crystallization and a 
clinkering temperature of 1400'" C., they show that Bogue’s method is 
correct for cements with AloOs/Fe^Oa ratios betwei'n 0.9 and 1.7, but for 
ratios between 1.7 and 6.1 their corrections to be added are: 

CaS, +(1.8Al203-2.8Fe203); 

C 2 S, H-( 2 . 1 Fe 203 — 1.4A1203)' 

C 3 A, +(2.5Fc203-1.6Al203); 

C 4 AF, Nil. 

Thus for a cement with Al 203 = 7 and Fe 203 = 3 per cent, their cor¬ 
rection to 038 = 4 . 2 , to 028 = —3.5, and to C 3 A= —3 7 per cent. 

For very rapid cooling of the clinker, the liquid is formed into glass 
and they show that ?io C 3 A or C 4 AF appear but the amount of glass is 
+ ( 2 . 95 Al 203 + 2 . 2 Fe 203 ). For this case their corrections to Bogue's 
values for C 3 S anti C 2 S are: CaS, +( 1 . 8 Al 203 — 2 . 8 Fe 203 ); C 2 S, 
+ (1.9Fe203-2.1Al203). 

Out of 21 commercial plant clinkers examined at the Bureau of Stand¬ 
ards, see R P l()66j January, 1938, 11 had 5 per cent or less of glass and 
18 had 10 per cent or less. 

332. The Proportioning of the Main Constituents.—From what has 
been said relative to the composition and constitution of Portland cement 
it will be evident that much care must be exercised by the cement chemist 
in proportioning the raw materials so that clinker of proper constitution 
may be obtained after burning. During the past score of years there has 
been marked tendency to increase the lime content and thereby raise C 3 S 
in order to increase the early strength of mortars and concretes. An 
excess of lime beyond that combined with silica and alumina, free lime, 
promotes unsoundness in the hardening paste. Unsoundness is char¬ 
acterized by checking and cracking of the hardened paste. Lea and 
Parker {loc. cit.) state that the maximum lime which can be carried is given 
by CaO = 2 . 88 iO 2 + 1.18Al2O3+0.65Fe2O3. 

According to the German and other European specifications, the weight 
ratio of Ca 0 /(Si 02 +Al 203 + Fe 203 ) ^ 1.7, but no limitation is placed on 
the lime content. The above lime ratio may run to 2.3 or 2.4 for the high, 
early strength Portlands of the United States. 

* Sne Building REsearch Tech. Paj}er No. 16 (1935); also The Chemiatry 0} CemBni and 
Concrete, by Lea and Desch, p. 119. 
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Control is exercised over the rate of setting by regulating the ratio 
Si 0 i>/(Al 203 +re 203 ). Where the development of much heat during 
hydration is undesirable the silica content is increased to 21 per cent or 
above, the alumina and iron oxide contents are limited to 6 per cent each, 
the CaA is limited to 8 per cent, and the ratio Al^Oa/Fe^Oa is limited 
between 0.7 and 2.0.* Resistance to the action of sulphate waters is in¬ 
creased by raising the silica tt) a minimum of 24 per cent, reducing the 
alumina and iron oxide contents to 4 per cent each, retlucing C 3 A to 5 per 
cent, and holding the ratio Al^Oa/FejOa lK*tween 0.7 and 2 . 0 .* 

In a general way it can be said that raising the C 3 S content of a cement 
is desirable in so far as it renders the clinker easier to grind, promotes 
strength at early ag(‘.s, and increases resistance to freezing and thawing; 
but it has tlie und(\sirabl(^ effect of increasing the hi;at of hydration and 
increasing the solubility of the cement in w^ater. Raising the content 
renders clijiker harder to grind, reduces early strength, decreases resistance 
to freezing and thawing at (^arly ages, decreases the heat of hydration, but 
promoters high strtaigth after a year or more. Raising the C3A content 
reducers tlur time of set, iiicreas(>s strength up to 28 days, but lowers the 
ultimate strength, increasirs ihv lu^at of hydration, increases the contraction 
during air hardening, ami weakiuis rtrsistance to sulphatir attack. Raising 
the C 4 AF content appears to reduce strength slightly. 

333. Iron Oxide. —J>.rric oxide (Fe^Oa) exercises a very important 
infliKMice on the color of the cermuit. Pure wdiite cements arc made from 
materials containing very little of this compound. Most cements contain 
2 to 3 p(‘r cent of this oxide. If it enters into combination with limi' and 
alumina to form C4AF, it serves to neutralize some of the undesirable 
properties contributed by alumina when combined with lime alone. 
When iron oxidi‘ is combined with lime as 2('a() Fe 203 it promoti's insta¬ 
bility. Small pereentag(\s of iron oxide rendi‘r highly siliclous raw mat(U'ials 
easier to burn, but a high iron content produces a hard clinker wdiicli is 
difficult to grind. 

334. Magnesia in ordinary proportions does not combine with the 
other elements in burning. It hydrates veiy slowly when tempered wdth 
water but expands markedly after a long attack. 

The percentage of magnesia wdiich can be saft'ly carried in Portland 
ceiiKuit has been the subject of much experimentation with variable results. 
Tests by P. II. Bates at the Bureau of Standards on cements made from 
clinker burned in a small gas-fired rotary kiln showanl normal results in 
setting, in soundness, and in strength up to one year, when the magnesia 
content was less than 7.5 per cent {Cemmt Age^ Cement Mill Ed., March, 
1914). In 1934, II. F. Gonnennan of the Portland Cement Association 
Laboratory reported an extended series of tests to the A.S.T.M., showing 

* See TetleriU Speeifixations. 
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the effects of magnesia on strength, durability, and volume change. His 
tests indicated undesirable properties in cements containing over 5 per 
cent magnesia. Tests by Prof. E. D. Campbell at the University of 
Michigan on neat prisms made of cements containing 3 per cent of free 
magnesia exhibited over 1 per cent expansion after 13 years immersion in 
cold water, although the one-year expansion was normal. 

SiTice magnesia can be locked up in the glass formed b}^ sudden cooling 
of the clinker, it seems likely that some of the discrepancies in the tests 
descril)ed are due to differences in the proportions of fmn magnesia. 
Because of the detrimental effects of free magnesia on strength and expan- 
siim after prolonged hydration, the magnesia content of Portland cement 
is limited. In American specifications the maximum allowed is j per cent. 

336 . Sulphur Compounds.—Sulphides in cements tend to cause 
iinsoundness. Ordinarily they are not present in harmful amounts in Port¬ 
land cement clinker. The sulpliate of calcium, gypsum (CaS 04 + 2 H 20 ), 
is added after burning in amounts less than 3 or 4 per cent to retard setting. 
The hydration of gypsum also appears to counteract lo some extent the 
weakening attending the hydration of the alumiiiatc.s In specifications 
for normal Portland cements the limit on SO 3 is 2.0 per cent. For the 
high-early-strength Portlands the limit is raised to 2.5 per cent. 

336 . The Alkalies (K 2 O and Na20) are found in very small amounts 
in most Portland cements. There arc some indications that they enter 
into comliinations with lime and alumina. The major influence of these 
oxides appears to be the acceleration which they produce in setting. 

337 . Water and Carbonic Oxide. Aeration of cement clinker, which 
is commonly practiced to slake free lime, also causes an absorption of some 
moisture and carbon dioxide. The per cent CO 2 absorbed is dependent 
on the completeness oF the exposure to air, as an experiment by Butler 
(see Butler’s Porilaml Cement, p. 317J demonstrates. 

He placed a part of a sample of sound cement coniaining 0.25 per cent 
CO 2 in a cask, and part he spread out in a thin layer on a tray. At twenty- 
eight days the sample in the cask contained 0.57 per cent CX )2 and the 
sample in the tray 1.82 per cent; the corresponding percentages after 
three years were 3.21 and 5.60. The tensile strength of the original 
sample showed a progressive increase during this time interval. From 
these results he concluded that the percentage of carbon dioxide in a 
cement is not an indication of free lime. 

'The amount of moisture absorbed by cement is dependent principally 
on the completeness of exposure and the moisture in the surrounding 
atmosphere. Absorption of moisture tends to increase the time of setting, 
but absorption of CO 2 accelerates setting. 

American specifications limit the loss on ignition, which is due mainly 
to the presence of water and carbonic oxide, to 4 per cent. 
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33B. Growth and Importance of the Portland Cement Industiy. —On 

account of the many excellent properties possessed by Portland cement, 
its great field of usefulness, the widely distributed sources of the raw 
materials from which it is made, its cheapness, and the decline in the 
supply of tiniVier, the Portland cement industry has had a marvelously 
rapid growth. Although the process of manufacture of this material 
was patent (‘d in 1S24, liy Joseph Aspdin, of Leeds, England, it was not until 
1859 that any considerable tjuantity was used in England, and not until 
1875 that any jirogress was made in the manufacturt' of this ctmient in the 
United States. An (\stimate of the rapidity of growth and the economic 
importance of this industry may be formt^d by comparing the (quantity 
produced in 1880- 42,000 bbl.—with the output for the United States in 
1937—116,174,708 bbl. The value per barrel at mill in 1880 was $3, in 
1937 it was $1.48. 

The following percentages show the trend in modern usage of Portland 
cement: for roads and pavements, 23; buildings and similar structures, 34; 
conservation projects, 14; rural uses including products for farms, 9; 
Bewerag(5 and drainage, 7; bridges, 4; miscellaneous, 9. 

339. Raw Materials. —In general the calcart'ous ingreilients are pres¬ 
ent in raw materials in the form of lime carbonat(‘ (Ua(X);j) and the silica 
and alumina are combined in the form of clay or other argillaceous ingre¬ 
dients. Thf‘S(* essential ingrtalienf.s are proportioned in accordance with 
the principliNS mentioned in Art. 332. 

Arranged in ord(‘r of importance, the raw materials most commonly 
used in tin' manufacture of Portland cement and the parts of the United 
►States in which they are employed are: 


Matiuuals 

C A HE I) n s A II (JILL A CE O T r.S 

1. Limestone + Shale or Ulay 

2. Limestone + Cement rock 

3. Limestone + Blast furnace slag 

4. Marl + Shale or Clay 


Where Used in Making Port¬ 
land Cement 

Widely used, N. Y., Mich., Ill., 
Ind., Cal., la., Kan., and Tex. 
Eastern Penn., N. J., Cal., and Kan. 
Illinois, Ohio, Penn. 

Central N. Y., Ohio, Mich., Ind. 


Limestone for tht' manufacture of Portland cement should be soft and 
consist largely of cal cite or calcite and clay. If 20 per cent or more of 
clay is present with the calcite it is called cement rock. The limestone 
should not contain over 5 or 6 per cent of magnesium carbonate and should 
be comparatively free from sulphur and quartz. According to Eckel * 
phosphorus pentoxide (P 2 O 0 ) is also an undesirable element. 

^ Erkelfl C^^inenUj Limes and Plasters^ p. 389. 
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Marl, another calcareous substance mijn the wet process of 

manufacture, is a soft deposit found i/the bottoms of shallow lakes, 
swamps and extinct fresh-water basr, ^ ghould conform to the restric¬ 
tions placed upon limestone and v f^ee from sand and gravel. 

hor origin and composit'^h of clays, reference should be made to 
Art. 275, Ch. VIII. „ 

With reference to^^g proportions of the constituents of clay suitable 
for oitland ceme^i^ manufacture, Meade states that the ratio of the silica 
t ^>ntent should be between 2.5 and 4 to 1, that there should 

^ot e more oxide than alumina, and that the alkalies and magnesia 
s ou a eaclij^p thsm 3 per cent.* A considerable proportion of sand 

arger tha^ ^ 100-mcsh sieve renders the clay unfit for cement manufac¬ 
ture. 

^^.Ist furnace slag suitable for the manufacture of Portland cement 
basic in character. The analysis should conform roughly to 
^^ .ollowing: Two-fifths to one-half lime, one-third silica, nne-tnghth to 
^^*e-sixth alumina plus iron oxide, magnesia less than 3 per cent. Oalcium 
^ilphide is considered undesirable. 

The first st(>p in the process of manufacture of Portland cement is the 
winning of the raw materials from nature. Hard raw materials are 
blasted, loaded on to small ears, and drawn to the cement mill. Soft 
materials like marl or clay are dug or excavated l)y steam shovel or dredge, 
dei^ending upon the nature of the deposit. Such materials arc often 
pumped directly to the mill. Slag is granulated into a sand-like substance 
by running the molten material from the blast furnace into a vat of water. 
It is then loaded on cars by l•lam-shell buckets and transported to the 
cement plant. 

The Dry Process of Manufacture 


340. Preparation of Raw Materials.—In general, only the comparatively • 
dry raw materials, such as limestone and cement rock, limestone and shale ^ 
or clay, and limestone and blast furnace slag, are used in the dr}'^ process of" 
manufacture of Portland cement. The steps in the process of manufacture^ 
are: 1, crushing of raw materials; 2, drying; 3, grinding; 4, proportioning 
5, pulverizing of raw materials; 6, burning; 7, cooling and storing thd- 
clinker; 8, adulteration to retard set; 9, reduction of clinker to an irnpab^ 
pable powder; 10, seasoning of cement; 11, bagging. The order of thdi 
irst four of these operations varies at different plants and it is dependent, 
some extent upon the character of the raw materials. i- 

The hard materials are usually crushed in gyratory crusherH, although* 
^'iw and roll crushers of large capacities are also used. Generally, tb'ie 
^laterial must be passed through a large and a small crusher in order thf 
* Meade’s Portland Cement^ p. 54. 
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the requisite fineness for soessful operation of the grindiuR mills may 

“sL,"3722 

diy slal.' Mure snniiinii. inu,l ol »' “ 

8om(‘ sort of a clrymR apparatus In mo 1 revohnig about 

hollow steel cylmdei about 50 ft lonR ami 5 it o hoiuontal 

its gpometncal axis which is mclmcd at a small anj; luwei end of 

The raw materials enter at the upjier end and pass out 



J JO 1 — An Allis Chalnitrij Dr> CJJnmlmg Prt liiiiiu lUir. 


;thi‘ cylinder The soiiice of heat, which is commonly an attached furnace 
4)1 vastc g;as fiom the intaiy kilns, onlers at the Idwct t nd aiul passis out 
it the upp(‘r To inciease the circulation of tin materials tliiough the 
lot Rases, luRs AAhich ser\e to ele\ate and scatter the charge, aie riveted 
^in the inside of the dryei 

^ 341. Preliminary Grinding.—In ordei to secure proper combination^ 

® i the kiln l)et^^een the lime, silica, and alumina, it is necessaiy to havr^ 
Ke raw materials ground so finely tliat 9(3 pei cent will pass a No 20( 
Pjesh This Is usually done in two stages, piehmmary and fiiud 
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Preliminary grinding is quite extensively done in some type of ball 
mill. One of the latest forms of such machine is the preliminator shown 
in Fig, 1. The preliminator consists of a cylindrical steel drum lined 
with chilled iron or hard steel and equipped with trunnions. The right 
end of the drum is encircled by a large gear by means of which the 
mill is rotated. Through a hole in the left trunnion raw material is fed 
into the mill. Pulverizing is accomplished by the rolling and hammering 
received from six to eight tons of forged steel balls which range in diameter 
from 2^ in. to 5 in. The ground material passes through narrow longitu¬ 
dinal slots shown near the right end of 
the mill onto a circumferential screen. 

Residues arc returned to the grinding 
compartment. The fines pass through 
the screen and are chuted to a conveyor. 

Working on 3-in. limestone and shale, a 
preliminator 8 ft. in diameter and 
ft. long can produce about 50 bbl. per 
hour of material which will pass a 
No. 20 mesh. 

The Hercules mill shown in Fig. 2 
has come into extensive use for prelimi¬ 
nary grinding of either raw materials or 
clinker. The material enters the grind¬ 
ing chamber through 3 chutes (c). Pul¬ 
verizing is accomplished by 3 rolls (r) 
which revolve at approximately 375 
r.p.m. about a vertical central axis and crush the material against a circum¬ 
ferential die (d). The fines pass through the circumferential screen (s) 
surrounding the grinding chamber and are collected in a downspout 
below the mill. The makers claim that this mill, equipped with a 350-hp. 
motor will reduce in one hour 40 to 60 tons of dry raw mix, or 135 to 200 
bbl. of clinker up to 2^ in. diameter, to the following fineness: 90 to 95 per 
cent through a 20-mesh, 45 to 55 per cent through a 100-mesh, and 35 to 
45 per cent through a 200-mesh sieve. A Hercules mill and a tube mill pro¬ 
vide a flexible combination of grinding units with low power consumption. 

342. Proportioning.—Since correct proportioning of the raw materials 
is of prime importance in securing a clinker of proper constitution, 
accurate automatic scales arc installed for weighing the raw materials. 
tThis operation can usually be done best after the preliminary grind¬ 
ing of the raw materials; although at some plants, where the raw mix 
jruns very uniform in character, the proportioning is done earlier in the 
nprocess. 



Fig. 2.—A HetcuIrs Mill. 

(Coart-BBy Tiriidley Pulverizer Ci>.) 
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343. Final Grinding. —At many plants the final stage in grinding is 
done in a tube mill. This mill is also a steel-jacketed cylinder revolving 
about its geometrical axis. Commonly, such a mill is about 26 ft. long 
and 7 ft. in diameter. The inside is lined with alloy steel or chilled cast 
iron. The mix from the preliminary mills or proportioning scales is fed 
by a worm through one trunnion into the tube mill. Pulverizing is accom¬ 
plished by the impact and abrasive action of a heavy charge of cast-iron 
slugs between 1 and l\ in. in diameter. A 7 by 26-ft. tube mill will reduce 
about 30 tons of raw material per hour 80 per cent to pass a 200-sieve, or 
reduce 70 bbl. of clinker to cement, 90 per cent passing a 200-sieve. 



Fig. 3.—A Wrt Grinding CompnV) Mill (AlliK-Chalmprs). 


The Allis Chalmers Mfg. Co. claims that a much greater efficiency 
can be obtained in grinding operations by dividing the drum of the tube 
mill into compartments by means of one or more transverse diaphragms. 
Fig. 3 shows one of their (kjinpeb mills suitable for wet grinding, but which 
can be modified for dry grinding. By the use of such mills the company 
claims the preliminary grinding can be done in the short compartment and 
the final grinding in the long compartment. The efficiency is said to be 
increa^sed by inserting a \ibrating screen between the preliminator and the 
second compartment and by using an air separator to remove the fines in 
the latter. Added efficiemcy is claimed for two stages in the final grinding 
with air separators applied on each compartment to remove the fines as 
they accumulate. With their No. 726 mill equipped with a 500-hp. 
motor, the company claims raw material may be dr3'^-ground from 1-in. 
mesh to 80 per cent through a 200-mesh at 22 tons per hour, or ground 
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wet at 25 tons per hour. On clinker, with air separation, 64 bbl. per hr. 
with 90 per cent through a 200-mesh sieve is claimed ^or that mill. 

344. Burning. —The purpose of burning the raw mixture is to secure 
a union of the different constituents in the form of mineral compounds, 
primarily the formation of silicates of lime and alumina as we have seen 
in Art. 329. 

After the raw materials have been proportioned, intimately mixed, and 
very finely ground, the powdered product is conveyed to kilns to be 
burned. Formerly the vertical 
intermittent type of kiln, 
somewhat hke that used in the 
production of natural cement, 
was employed to burn Poit- 
land cement. In Jilurope, use 
is still made of this type, and 
in Germany the Hoffman ring 
kiln is quite extensively em¬ 
ployed. However, in the 
Unit(ul States the continuously 
operated rotary kiln is favored 
to the exclusion of all others. 

From Fig. 4 one can obtain 
a notion of the appearance of 
a rotar^T^ kiln. It consists ol' 
a cylindrical jacket made of 
riveted steel plates lined with 
refractory fire bricks. The 
lower end of this cylinder Is 
covered by a detachable hood 
provided with two openings. 

Through one of these openings 
is passed a nozzle for the 
admission of fuel. The fuel 
most commonly employed is 
pow^dered coal. In order to Fig. 4.~An 8^ by 10 by 2ri0-ft. Rotury Kiln for 
introduce the coal into the Dry Process. (AJlis-Chalmers.) 

kiln and to secure both rapid 

and complete combustion, it must be so finely pulverized that 95 per cent 
will pass a No. 100 sieve. The coal is blown through the nozzle by an 
air blast. The second opening in the hood is provided to enable the 
operator to observe the interior of the kiln during calcination. The steel 
jacket is surrounded by two or more heavy steel tires, by means of 
which it is rotated on friction roller bearings. These bearings are so 
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adjusted that the axis of the kiln has an inclination with the horizontal 
of about 2 foot. By thus inclining the axis, the material is slowly 

moved downward from the upper end as the kiln is rotated. Rotation 
is produced by a motor placed near the center and geared to a girth 
gear attached to the jacket. The upper end of the kiln enters a brick 
flue from which the products of combustion escape to the stack. 
Passing through this flue is an inclined spout which discharges the finely 
powdered raw material into the kiln. 

Soon after the entrance of the material, it begins to ball up into small 
marbl(vlike shapes. During the first half of the passage toward the hood 
any entrained water is t^vaporated and the material is heated to a tem- 
pcTature sufl^icient to expel carbon dioxide (C() 2 ) from the limestone. By 
the time the clinker has reached within a few^ fta^t of the lower end of the 
kiln its trmiperature has risen to 1400 or 1450° C., all carbon dioxide 
sulphur, and organic inattr‘r have been expelled, and the little soft yellow¬ 
ish-brown balls have ih)w partially fused into hard, greenish-black clinker.* 
At many plarits the ih^gree of calcination is left to th(^ skill of the burner, 
who regulates the sp(‘ed of rotation of tln^ kiln so that the clinkering zone 
is kept back a few f(M*t fioni the discharge end. He is able to judge of the 
position of this zone Iry tVu‘ al)rupt chang(‘ in th(‘ color of the flame where 
the material bc^gins Id burn and form clinker. Umler ordinary conditions 
a spetul of 45 or 60 n*volutions per hour secures thf^ requisite degree of 
calcination. At the end of about one hour the burning proci\ss is com¬ 
pleted ami the clinker falls out of tlu^ kiln through a trap in tln^ lower side 
of the hood, whence it is conveyed to the cooUt. The^ clinker is quite 
irregular in shape and vari(\s from the size^ of a hem’s e^gg down to a buck¬ 
shot. It is ve‘ry hard, has more or le^ss vitreous luster, and is generally 
black or greM'iiish-black in color. 

In the dry prticess, kilns usually vary from 150 to 250 ft. in lemgth and 
8 to 10 ft. in diameter. The larger modern kilns will produce 1000 to 
1400 bbl. of clinker per day. In producing a 376-lb. barrel of Portlanel 
cemieait, V)y this preicess, 500 to 600 lb. of raw^ materials and 70 to 90 lb. of 
coal, or the eapiivalent, are consumed. 

346. Grinding of the Clinker. —To facilitate grinding, the clinker is 
passed through a coe)ler. Freajuently the cooler consists of a vertical or 
horizontal stetd cylinder equipped with d^wices for agitating the material 
in a forcetl air draft, which rapidly low ers its temperature. Rapid quench¬ 
ing of the clinker yuoinotes the formation of glass, which action appears to 
counteract the detrimental influences of tricalcium aluminate and mag¬ 
nesia. After seasoning, abtmt 2 per cent of gypsum is added to retard the 
time of set of the resulting cement. The adulteration is often done after 

* For furthi'T infoniuitiim conenming tlic chemiral changes in a rotary kiln, see 
R. K. Meade’s Porilimd Cvmvni, pp. 176 to 199. 
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Sequence of Operations in the Manufacture of Portland Cement b\ tht Dr\ Process 
(Courtesy of Portland Cement Association ) 







































318 


PORTLAND CEMENT 


the clinker has been through the ball mill. In grinding the clinker the 
same kind of machinery is generally used as is employed in pulverizing 
the raw materials. Whatever grinding machinery is used, the resultant 
fineness is such that 90 to 95 per cent will pass a sieve with 200 meshes per 
linear inch. For the high-early-strength Portlands the percentage passing 
this sieve is usually over 96. 

346. Storage and Bagging of Cement.—From the grinding mills a 
conveyor carries tiie cement to the storage bins, in which it is generally 
kept for a few wet^ks beftjre being bagged for sliipment. This seasoning 
period reduces thf‘ heat which the cement will generate during setting and 
hardt*niiig. Storage^ also allows time for free lime to hydrate and car¬ 
bonate and thus bt'come inert. 

Ill accordance with the demand of the trade the cement is conveyed 
from the storagf‘ bins to the packing house. Here it is automatically 
weighed and packial by machines sometimes in wooden barrels containing 
376 11)., net, but usually in cloth or paper sacks which hold 94 lb. net. 
(\'ment is often shipped in bulk to central projjortioning plants. 

347. Typical Dry-process Plant Operation.—The schematic drawing, 
Fig, 5, shows the sequence of operations and more important stops in tin* 
manufacture of Pori land cenn*nt by the dry proc(\ss. 

The Wet PnooEss of MANtrFAPTURE 

340. General.—Although the dry process has U^en much used in the 
United States, the advent of longer kilns and waste heat boilers has effected 
such economies in wt*t jiroce.ss oj^iTations tfiat most of the new installations 
are of this lype, and more cement is now produced by the wet than by the 
dry process in this country. Where marl is used it is excavated by an 
orange-|x*el buckel or pump(*d in thin mud form from the deposit tutanks 
near the kilns. The clay is excavated by a steam shovel and ground in a 
wet pan or in a dry jian, Fig. I, (^h. ViII. Limestone, when used, is 
quarried in the usual inanner and ground in a ball mill or preliminator. 
Next the marl anti clay, or I he limestone and clay, are mixed in predeter¬ 
mined proportions and then ground. This mixture, called slurry, con¬ 
taining from 30 to 50 ])er cent of water, is placi'd in storage tanks and held 
thi*re until aiuilyzeil anil corrected to the desired composition. The slurry 
is then pumped into especially constructed long rotary kilns, which in the 
newer in.st aflat ions are 200 to 400 ft. in length, and burned. The succeed¬ 
ing steps in manufacture are similar to those used in the dry process. 

Figure 6 shows an Allis-Chalmers flowi^h(*et for a typical wet-process 
plant etjuippeil with classified wet grinduig on the raw side. The com¬ 
pany’s recommendations for insi alhttions of vibrating screens, air-quenching 
clinker cooler, and air separators are also indicated. A slurry thickener 
and filters are also shown iniinediately before the kiln. 
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349. Comparison of Wet and Dry Processes.— The chief advantages 
of the wet process are the low cost of excavating and grinding raw 
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niji»t0ri3iLS; the uccurato control of composition and horno^cnity of the slurry, 
and the economical utilization of fuel through the elimination of separated 
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drying operations. On the other hand the longer kilns, essential in the 
wet process, cost more and are less responsive to a variable clinker demand 
than the short kilns which can be used in the dry process. 

In Germany the Lepol kiln has recently been developed to utilize the 
heat from the kiln so effectively that only 43 to 45 lb. of coal are required 
to burn a barrel of clinker. This is accomplished by nodulizing the finely 
ground raw mix by the addition of small amounts of water, and subjecting 
the nodules to decarbonization prior to admission to the kiln. Perhaps 
the advent of this kiln will increase the use of the dry process in America. 

EFFECTS ON PROPERTIES DUE TO CONDITIONS OF MANUFACTURE OR 

TESTING 

360. Conditions Affecting Soundness. —Although some of the effects 
of thf' chemical elenn^nts present in Portland ctunent have already been 
referred to, it will not be amiss to recall them in considering the properties 
affected. 

The cause imjst commonly ascribed for unsoundness in Portland cement 
is the hyilration of uneoml)ined lime incased within the cement particles. 
High burni^d, coarsely ground, fret' liim^ hydrates slowly, but ultiinattdy 
with sufficient violenct^ to endanger the integrity of the- surrounding 
mortar. iCxposed, finely ground, free lime, in small pc'rceiitages at least, 
will liydrat(^ before th('. cr'iiuait sets and produces no injurious effect. The 
presence of uncombined lime may be the rt'sult of either underburning the 
clink(*r or overlirning th(^ mixtun^ b(‘.fore burning. InfrtMiiU'utly freshly 
ground ccaruMit will ]h\ unsound due to the presence of uncombined limt^ 
which iiuiy bt^ partially (‘xposed in th(‘ grinding process. By allowing tlie 
cement to aeratt^ for two or three* weeks, thus allowing the lime to hydrate, 
it is often possil)l(^ to ovi*rcoine unsoiimlness.* 

Other chemical elements which may produce unsoundiu\ss ar(^ mag¬ 
nesia and the alkalies. In most cements the proportions of these elements 
are well within the tlanger limit. 

It is probalih^ that tlie action of the retardant assists in overcoming 
unsoundness, since it tends to hold the mixture in a plastic state and 
permit the lime to slaki*. Meade cites several examples of unsound 
cements which were rendered sound by adding from 0.5 to 3.0 per cent 
of plaster of Paris, f 

Pint* grinding of V)oth raw materials and the clinker are very essential 
if a sound C(*m(*nt is to be secured. Fine grinding of tlie raw materials 
makes possible the production of a more homogeneous mixture before 

•For r.xMniiilc see /Vrx’. A.iS.T.M., Vol. 3, j). 376. 

^ Porllfind Cvrncnt^ p. 474. See Frvv Lime in Pfrrtland Cmient hy Kiefer, Chem. 
Engr., Vnl. 15, f). 219; uLso Soundness 7'esis of Poriland Cement, by Taylor, Proc, 
A S.T.M,, Vol. 3, p. 374. 
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burning so that a uniform distribution of the lime content may obtain. 
It has also been shown that coarsely ground cements which are unsound 
in the accelerated test may often be rendered sound by fine grinding.* 
Remembering that the addition of free fime in small percentages does not 
affect the soundness of a normal Portland cement, it seems evident that 
the coarser grains of cement may imprison minute particles of uncom¬ 
bined lime which do not become hydrated until after the cement has set. 
The expansion, which then occurs due to the crystallization of calcium 
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hydrate, produces disintegration. This view seems to be quite generally 
held l)y authorities on this subject. 'I'he reasonableness of the above 
explanation of tlii' action of the coarser jiarticles in promoting unsoundness 
is made more evident liy the experiments of Briiickley.f The results of 
his tests show that the* particl(\s of a cement passing a No. ICK) and caught 
on a No. 200 sieves may have some hydraulic propc^rties but that pats made 
of them break down when subjected to the soundness test. (Art. 419.) 

351. Conditions Affecting Strength.—Recapitulating, we will recall 
that either a high lime or high alumina content tends to make the cement 

* Pnrtlarul Cevieiit^ p. 472. 
t Erigr. Record, Vol. 61, p. 212. 
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strong at an oarly age. Gypsum and plaster of Paris in small percentages 
also tend to increase the strength of Portland cement, but when present in 
quantities larger than 3 per cent these substances produce variable effects.* 
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(H. F. Goimerman, loc. cit.) 


• St'K rt'SuUs of experiments (^iveii in Eckel's CevicrUs, Limes, and Plasters, pp. 
536-544 (out of print); also m paper by P. H. Bates in Proc. A.S.T.M., Vol. 15, p. 126. 
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However, it is certain, as has been mentioned before, that the compounds 
formed determine the properties. As evidence of the effects of variations 
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Fiq. 9.—Relations of Strength to Triralcium Ahiminate Content of Cement. 

(IT. F. Goniierman, Inc. cit.) 

in tricalcium silicate, C 3 S, and tricalcium aluminate, C 3 A, on the strengths 
of cement mortars and coiicrete.s, Figs. 7, 8 , and S have been in.S(?rted from 
the U'34 tests of Goiinerman at the Portland Cement Association Labora- 
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tones. The cements were prepared from commercial raw materials Lad 
carefully burned in an experimental kiln. The effects of C 3 S and C 3 A in 
producing high early strengths are patent in all three diagrams. It is' 
also apparent that the strengths at a year or more of the mortars of ce¬ 
ments having high C 2 S contents are as high or higher than those con¬ 


taining cements of high CyS contents. 


At ages of a year, Fig. 9 indicates^ 
that high C 3 A contents are 
detrimental to the strengths of 
mort/ars and some of the con¬ 
cretes. 

In addition to effects of com- 
pt)sition, the strength of cement is 
gr(‘atly influencefl by the degree 
of burning, the fiiieiu‘ss of grind¬ 
ing, and the aeration it receives. 
If uuderburned the cf'inent is 
likely to be deficient in strength. 
Assuming the clinktT propiTly 
burned, incrr*asing the proportion 
of fine particle's V)etween 5 and 
20 microns (1 micron = O.OOl 
mm.) in diameter causes an in¬ 
crease in mortar or concrt'te 
strength. It appt'ars rpiestion- 
abl(' if there is mati'rial advantage 
to be gained from particles bi'low 
0 microns in diameter, ami those 
above 100 microns exhibit no 
cementitious j)roj)('rti (\s. 

In Bat(‘s’ experiments (Froc. A.S.T.M., Vol. 15, p. 120) the eff('ct of 
fineness of grinding on the compressive strength of I : : 4^ concri'te 

was detennined. ’^ren brands of cement, varying in fim'ness from 75.4 to 
82.2 per cent passing a 200 -mesh sieve, were used as receivi'd ami also affer 
being regrouml so that the fineness of the individual brands varied from 
86.8 to 92.7 i)er cent passing the same sieve. At an age of twenty-ei'dit 
days the concrete made from the fii\er cements exhibit('d an avi 
strength of 28 [K'r cent greater than the concrete made from the no 
cement. At ninety days the concrete made from tlu' finer cements 
aged 17 per cent more strength. 

The relation of the compressive strength of 1 : 3 standard sand 
to the surface area of the particles of commercial cenu'nts of like con‘Posi¬ 
tion is well shown in Fig. 10 .* Since all nine of the cements repre? 
ill Fig. 10 had residues less than 10 per cent on the No. 200-inesh sie^ 

• From data by H. J. Casi'y, Jour. Am. Cmic. Jiiat., Jan.-Feb., 1937, p. 2\^’ 



J4IMI 15UU inuu J7UI) IHOO JDOO 2000 
Sui-riiri; Ari'u In Siiuurc CL'Ullirii;I.L‘rs per Uruiu 

Fill. 10.—The F.ffcct Lif Fineness of Ccnient 
on the Cninjiressivc Strength of Mortar. 
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evident that the surface area as determined by the turbidimeter affords a 
better criterion of the effects of fineness than the residue on the No. 200 
sieve. Also the data shown in the lower part of the figure exhibit a more 
consistent relation to strength than do those plotted against the percentages 
passing the No. 325-mesh sieve in the upper part of the figure. 

From the above it appears evident that a well-burned, finely ground 
cement can carry a greater proportion of sand than a more coarsely ground 
cement and will be more economical, provided the cost of the additional 
grinding does not offset the advantage derived. 



Fig. 11 . —Effects of Storage, of Cenu-iit on Conrrrtf' Sirinigih. 
(To.sIh miuli* at Portland Ci*iiioiit Assoriutioii Lahoratory.) 


The amount of '' setisoning or aeration which the ceint'iit has received 
subsequent to final grinding influences markedly its strength. 

The result of tests reported by the Director of Research of the Portland 
Cement Association, 1928, are shown in Fig. 11. These and other tests indi¬ 
cate that cement can be kept indefinitely in good condition in tight bin^ or 
cans but it deteriorates considerably w^hen stored in sacks exposed to the air. 
During the exposures represented in Fig. 11, the moisture and carbon dioxide 
contents and the loss on ignition all increased with age and severity of the 
exposure. Thus cement stored in sacks in a shed for 3 years carried 2.5 per 
cent C'Ol*, 1.1 per cent H 2 O, and 5.3 per cent loss on ignition, whereas the cor¬ 
responding quantities for cement stored in mill bins were 0.4, 0.3, and 1.2 per 
cent, respectively. Hence a high loss on ignition is one index of long storage. 
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Many tf?st.s have been made to determine the effect of the percentage 
of mixing water upon the strength of cement mixes. Data for concrete 
tests showing the relation of the strength to the water-cement ratio appear 
in Art. 511. For purposes of testing the strength of cement, use is made of 
mortars containing standard Ottawa sand passing a 20-mesh and held on a 
30-niesh siev(‘, or a more finely graded variety of this sand. A plastic 
consistency determined as indicated in Art. 417 is used in making standard 
sand mortars of 1 : 3 proportions, by weight. Such mortars will show a 
flow b(;tween 35 and 00 per c(‘Jit when given tV'Cnty-fivc ^-in. drops in 
15 s(;c. on a lO-in. flow table (Art. 447). With the methods of hand 
mixing arnl mol(iing standard in the United States, the use of such con¬ 
sistencies promotes optimum strengths and minimum dt^viations from 



FiO. 12.—of Drying? on Uio Tonsilt* 8tri*ngth.s of Nivit tiiul 1 : 3 Standard Sand 
Mortars. Ago at n'lnoval from bath was 28 days; 4 tests pivr point. 

strength averages. Recently a wetter consistency having a flow of 100 to 
130 per cent has been used as a int‘ans of standardizing cement strength in 
cornprt'ssion. In the latter case tlie mortars are made of finely graded 
Ottawa saml in 1 : 2.75 pro])ortions, by weight, with water equal to 
53 per cent of the weight of the cement. Sinct^ changes of 1 per cent in 
the amount of mixing water are likely to refli‘.ct somewhat greater inverse 
changes in strength, the water must be accurately weighed. 

If briciiiettes are removed from water before testing, a considerable 
effect, dependent upon the time they dry, may be produced upon their 
strength. Figure 12 has Ikm'ii compiled from the results of experiments by 
A. J. Barclay,* on four different brands of cement. Similar tests have 
* Thesis, University of Wisconsin, 1912. 
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been reported by Prof, J. L. Van Omum in Eng. NewSj Vol. 51, p. 24, and 
by Prof. R. P. Davis in Eng. News^ Vol. 61, p. 581. 

352. Conditions Affecting the Time of Set.—The factors which influence 
the setting properties of the cement are its composition, the percentage of# 
retardant, degree of calcination, fineness of grinding, aeration subsequent 
to grinding of clinker, percentage of water used in gaging the paste, the 
temperature of the mixing w atcr and cement, the humidity and temperature 
of the moist closet or of the atmosphere in which the cement paste is 
placed, and the amount of manipulation the paste receives. 

The effect of lime, silica, and alumina in controlling the set have already 
been referred to in Art. 330. Although the proportion of tljcvsr^ oxides 
exercises a marked influence on set, nevertheless finely ground clinker sets 
too quickly wlien mixed with water; hence some provision must, be made 
by the manufacturer to increase the time of setting of frc'shly ground 
cement so that it will be sufficiently slow-setting for use in construction. 
This is commonly clone by mixing gypsum (CaS()4+2H2r)) or plaster of 
Paris (CaS 04 +pl 20 ) with the clinker before final grinding, or by adding 
one of these compounds just after tlie clinker has received preliminary 
grinding. Although these methods are manif(‘stly imperfect since it is 
impossible to olitain an absolutely homogeneous mixture with either, 
yet they are the best now^ ihndsed. (The addition of gypsum before cal¬ 
cination causes it to decompose into lime and sidphur trioxide. Since 
the latter is liberated in the kiln the resulting effect on the time of set is nil.) 

J'iXpc^riments by I.e Chatelii*r, and later ones by Mead(‘ and Gano,* 
have shown that anhydrous calcium sulphate, plasti^r of Paris, or gypsum 
may be used as the retardant. The experiments of Meade and Gaiio, 
howevcT, indicati' that increasing any one of tliesi*, elements up to 2 or 3 
per cent (the limit will vary with the chemical composition of the cement) 
retards the set but further additions of plaster of Paris cause the setting 
time to decrease. The introduction of 10 to 20 per cent of plaster of 
Paris will generally cause the cement to become quick-setting again. 
The latter effects were not observed in the tests made with gypsum 
(CaS 04 + 2 H 20 ) or dead burned gypsum ((>aS 04 ). 

In addition to the above-mentioned elements, small percentages of 
calcium chloride, aluminum chloride, magnesium chloride, sodium hydrox¬ 
ide, potassium hydroxide, sodium silicate, and sodium carl)onate f also 
exercise a marked acceleration upon the setting properties of cement. 
Nihoul and Dufossez show^ed that strontium sulphate, barium sulphate, 
calcium sulphate, and calcium alurninate in small percentages also effected 
a rapid increase in set. 

* Cfmnical Engineer^ Vol. 1 , p. 92;.spe also the tests of Nihoul and Dufossez, 
abstnicted in Jour. Soc. Ch^m. Indualry^ Vol. 21, p. 859. 

t Concrete-Cement Age^ November, 1912, p. 68. 
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Often an underlimed cement will become quick-setting after seasoning. 
This fault can be overcome by increasing the lime content in the raw mate¬ 
rials or the remedy mentioned below may be applied to the cement. 
Examples of cements which become slower setting with age are common^ 
and some cases have been cited where cements slow-setting when fresh 
have become quick-setting and then slow-setting after aging for some time. 
Quick-setting may often be avoided by adding to the cement 1 or 2 per 
cent of hydrated lime or the fraction of a per cent of plaster of Paris. 


TAHLK 1. -INFLIJENCK OF FINE GRINDING UPON THE INITIAL SET 

OF CEMENT (Meade) 
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'J"he fineness to whicli a cement is ground produces an effect upon its 
tiiTK' of s(‘t as tlu^ results in Table 1 * indicate. In general, it may be said 

that th(^ more finely tlu' cement is 
ground the more rapidly will it 
s(‘t. Howevtu*, th(' relation be¬ 
tween time of set and firu^iH\ss as 
iTK^asuriHl by tlie 20n-im\sh sim'e 
is not rectilinear as inspection of 
the table will show. The results 
also indicate that grinding to a 
fiiKUiess of 90 per cent tliruiigh 
the No. 200 sit've does not de- 
cretise the time of set below the 
customary limits. 

All incri“ase of 1 per cent in 
tlu‘ amount of mixing water iiserl 
in testing cement pastes above 
that required for normal con¬ 
sistency may cause an increase, 
of a hiilf hour or more in either 
initial or final set. A comparison 
of Gillmore and Vi cat methods is shown in Fig. 13, compiled from the 
• From a paper by Meade, Proc. A.S.T.M., Vol. 8, p. 410. 



Fm. III.- A Cnnipnrisnii nf Gillmen' :iinl 
Viral I)rlrmiiiwUiiHis on ’^Piinr nf Snl. 
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Report of Committee Cl of the A.S.T.M. for 1930. These duta represent 
the range in rtvsults from four laboratories operating on each of the four 
cements. Ihe results sliow that the Vicat method indicates lower times 
of set than does th(^ Gillmore. The ratios at tht^ top of Fig. 13 indicate 
that the discrepancy is likely to be greatiT for a quiclc-sidting cement like 
D than for a slower setting cement lilce B. 

The influence of tcanijerature upon the time of set is shown in Table 2. 
Cements storiul in warm rooms will, in general, be quicker setting than 
those stored in a cold atmosphere. Cold mixing water retards set while 
warm water accelerates it. For the range of tempiTaturc ordinarily met 


ABLE 2.- lNrLlIi:NClL OF Id^MPEUATlJlIi: ON TUI] SJ-rP I'lNCi i)F 
POirrLAND CEMTONT t 
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* f'iiiiK'iiii :i. iMiiiisiiii'rMlilc aiiniixt iiri* of Kmilisli iliiL'. 
■| I’iMJiii /'iirtfdiifi ('rnifiii, p. Ii07. 


in the laboratory say 65"’ to 75° F., tlu‘ effta't is not vr^ry marked. How¬ 
ever, due eonsid(‘ration of tie* influence of ti'inperature shmdil l)e given 
in reporting on cemejits which are riuick-setting in a hot lal)oratory but 
which will be used in a colder atrnosidnae. 

Cennaits exposed to a thorougldy saturatf'd atnn)spln're will set much 
iiior(‘ slo\Nly than thost' f'xposed to a dry atniosphra-(‘. If, howfner, a 
considerable proportion of moist (’()o is pr<‘sent in the air, the experiments 
of (ladd * seran to iinlicatt^ that tin* st'Uing time will b(‘ gnsitly rerluced. 

By lengthening the tinu' f)f mixing and by prolongi'd troweling t)f the 
surface mortars it is also po.ssible to consirlerably delay the time of set. 

363. Conditions Affecting Fineness.—3die percentage of flour con¬ 
tained in a cement is principally diqjcndent upon a numbt'T of variables 
* Si'C Crnirnt CofU'rdc Age, Cffiinnt Mill Section, Feb., 1014; also paper by G. M. 
A\ illi^uns, Proc. A.S.T.M., Vol. 14, p. 174. 
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in the method of manufacture. The chemical composition and the 
degree of calcination influence the hardness of the clinker and conse¬ 
quently affect the fineness to which the clinker is ground. Clinker high 
in iron or silica is apt to be hard and difficult to grind. The same is true 
of a hard-burned clinker. It does not always follow, therefore, that a 
differejice in fineness indicates th(i relative quality of two cements since 
the one more finely ground may have been underburned. Furthermore,, 
the fineness will be influenced by the time of grinding and the character 
of the pulverizing machinery employed in grinding. 

To some extent seasoning also affects fineness. It has been found 
that cemcjiit beconuis slightly finer with age provided it does not absorb 
too much inoisturr*. This is probably due to the decrepitation of the 
coarser grains resulting from hydration of the embedded lime particles. 

Methods for testing the fineness of cement, and the errors in sieves are 
discussed in Art. 410 to 413. 

364. Conditions Affecting Specific Gravity. —In the majority of cases, 
the specific gravity affords little if any infonnation concerning the relative 
value of two cenumts made fi’om different materials, unless the average 
specific gravity of each brand is known. The test is chiefly used to detect 
abnormal cuiulitions in a brand of known specific gravity. 

The detection of adnlteration by this test is dependent upon the 
specific gravity of the adulti^rant and upon the proportion used. A 
simple computation reveals that a clinker having a specific gravity of 
3.15 may he adulterated with 14.3 per cent of limestone having a specific 
gravity of 2.8 before the specific gravity of the mixtiin^ will be reduced 
below tlu' normal niiniiniim usually taken 3.10. If, instead, of lime¬ 
stone, a blast-furnace slag or natural cement with a specific gravity of 3.0 
be employed, 0.7 per cent of the adulterant may bt* used before the specific 
gravity of the adulterated cement is reduced 0.01. Furthermore, it is 
permissible under the above methods of testing to ignite the sample if 
its specific gravity falls below 3.10. Experiments have shown that this 
procedure will raise the spi'cific gravity of many adulterated mixtures 
considerably above the specified limit. So it is evidcait that, although 
adulteration lowers specific gravity, a low result is not necessarily a sign 
of adulteration, nor is a high value an indication of the absence of it. 

Long seasoning is the chief cause of a low specific gravity in an unadul¬ 
terated cemiait. This is due to the fact that freshly ground cement 
when exposed to the air rapidly absorVis moisture and carbon dioxide. 
A month’s seasoning will often reduce the specific gravity from 3.15 to 
3.08, or thereabouts, and a long period of seasoning may reduce it to 
3.00.* Drying seasoned samples at 212° F. will slightly raise the specific 

* For uxample see Cficvi, Engr,, Vol. G, p. 19; or Taylor's Practical Cement Testing 

p. 4d. 
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gravity while igniting will, in general, raise the specific gravity to the 
original value. Reasoning the clinker lowers specific gravity. 

T he chemical conij.ositioii of a conient also affects its specific gravity. 
Cements with high contents of iron oxiile will liave specific gravities 
0.05 to 0.10 high(‘r than tlitjse with low iron contents, provided both 
have been subjected to siniihir storage conditions. 

Formerly the degree of calcination was supi)r)sed to affect the specific 
gravity, but nuineroiis experiments have completely dispi ovtal tliis theory.* 
The effects of fineness of grinding u])on spr^citic gravity are slight. Very 
finely ground cements on aecount of the readiness with wliich they absorb 
moisture and carbon dioxide are liktdy to liave lower specific gravities 
than cements inaile from the same materials but more coarsely ground. 

RESULTS OF VARIOUS TESTS ON PORTLAND CEMENT 

365. General.— We shall now consider some results of tests on Port¬ 
land cement pastes and staiidanl sand mortars. Only tliose results which 
are especially affected ly th(^ cement itself will recei^ i^ attention herein. 
The effects produced upon mortars by variables in the aggregate will be 
considered in Ch. XIV. 

356. Strength Tests. —Strength-age curves for 1 : 3 standard Ottawa 
sand mortars of standard consistency and similar curves for 1 : 2.75 
mortars inatle of grad(nl Ottawa sand with a water-cement riitio of 0.53, 
by weight, are shown in Fig. 14 for seven normal Portland i‘.(Mnents and in 
Fig. 15 for five high-early-st rength Portland cennuits. These data were 
taken from the tests of Committee Cl reported in Proc. A.S.T.Af., Vol. 1, 
1934, p. 322. Each point for a given curve represents the avc^rage of 120 
tests marie in 10 laboratories. 4^he comiirisitirHis of tlu'se cements are 
given in Table 3 and pliysical properties in Table 4. r^rom thr* average 
curves shown in th(‘ lowi'r part of Fig. 15, one obtains a gt)od comparison 
of the early comprr\ssive strengths of normal and high-early-strength 
Portlands. Figure 16 shows avruage strength-agr^ curves for compressive 
and bending strength tests of four type's of cement differing in C.-jS anrl C 2 S 
contents. The Cowe Bay sand iisraf in most of these tests was a well- 
graded quartz sand. It passral a No. 4 sieve, had 49 anil 96 per cent 
retained on the No. 28 and 100 sieves, respectively. Its fineness modulus 
was 2.7. The water-cianent ratio for the 1 : 2 mortars averaged 0.43 
and for the 1 : 41 mortars 0.40, by weight. 

These data show, as do those of Fig. 7, that, although cements high in 
C 3 S exhibit the highest early strengths., those of lower C 3 S and higher 
C 2 S contents show the highest strengths after a year or more of moist 
curing. 

• See Chem. Engr., Vol. 6, p. 17; and Proc. Insl, of Civil Engr., Vol. 166, p. 342. 
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Tho data in Fig. 17 (page 330) show ten-year tests of mortars of 
standard consistency made with four cements commonly used in the middle? 
west in 1023. These* ce?ni(?nts were not so finely ground as the? normal 



Age in Days ■ Si-alii 

Fin. 11.—StriMi^;t,h-AKn Ciirv[\s fur Stiiiul.ird Siiinl Mortars of Normal 
Peirtlaiul C(‘nu*iits. 

Portlands t)f teiday anel in composition would now be* classed as low in 
C 3 S. The*}" all exIiilVit satisfactory gains in mortar compre'ssive? strengths. 
Cured outdoors under an average humidity of 70 jier cent, after an initial 
28-day period in water, the 1 : 3 mortars at 10 years were 44 to 96 per cent 
stronger in compression than similar mortars cured continuously in water 
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Curod in water the tensile strenj^ths of the mortars, Fip;. 17, show 
retrogressions which are less pronounced in the specimens of graded 



Fio. 15.—StrtaiKlh-Age Hrlations for Standard Sand Mortars of High Jsarly Strength 

Portland Cements. 

Janesville sarul and in specimens cured outdoors. Neat wnnent briquettes 
of these cements cured outside were in many instances cracked and 
exhibited tensile strengths of only ^ to J of the 28-day strength, whereas 
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water-cured neat cement briquettes at 10 years exhibited strengths 
averaging from 505 for cement 5M to 775 Ib./in.^ for cement 3M. In 
compression the 2 by 4-in. neat cement cylinders cured outside averaged 
between 10,210 lor cement 5M and 16,455 Ib./in.^ for cement 4M. 


TABLE 3.—CHEMICAL COMPOSITION AND COMPUTED COMPOUND 
COMPOSITION EOH CEMICNTS 1 TO 12 
(See Figs. 14 and 15.) 


C'cmunt 

OxiJi! Analysis, by wt. 

IjObb an 
iKnitinn 

Insolublu 

RiisiduB 

Cftmimtiid Gompound Com- 
positiQU Calculated to 
Glinker Baaia, percent 


HHh 

j rp'jOs 

Al20g 

GaO 

MkO 

SOa 



GaS 

G^S 

GaA 

(^4.AF 


Normal Portland Gcmcnta 


1 

21). !M 

;i on 

5 20 

G3. ii!) 

3 02 

i G1 

1.58 

0.19 

00 

18 

0 

10 

2 

21 21 

2 ri7 

5 211 

i>:i.r)2 

4.20 

1 52 

0.88 

0.12 

56 

21 

10 

8 

,'J 

21 i:i 

:i 02 

5, on 

05 05 

3 20 

1 48 

1 31) 

0.10 

72 

9 

6 

10 

4 

21). !)H 

2 !)H 

5.0.5 

li:i 01 

2 14 

1 34 

1 83 

0.08 

58 

20 

11 

10 

5 

21.1)0 

2 :u 

11 12 

(14.44 

2.08 

1 52 

1 42 

O.IG 

57 

21 

13 

8 

U 

2n.:i2 

:i ;ii 

5 (It 

04.7H 

2 50 

111 

1 40 

0.10 

GG 

11 

10 

11 

7 

ZU.i.'i 

4 111 

0.2H 

01 42 

1 32 

1.48 

1 15 

0.20 

57 

18 

10 

13 





IliKl 

i Early S 

treiiKth C 

cmeiits 






B 

l!).!il 

4 :io 

5.00 

111 03 

1.47 

2.46 

i.ia 

0.20 

59 

16 

!) 

14 

II 

h),B7 

2.7(1 

(1.05 

(15 35 

1.40 

2..34 

1 73 

0.27 

6B 

9 

12 

0 

in 

ID.IVl 

:i ri5 

(i.:i:i 

(13 13 

2.44 

2.37 

1.12 

0.10 

57 

17 

12 

12 

11 

21). ;u 

2.7r) 

5 II 

111 0.3 

1.28 

2 00 

1 OG 

0.18 

68 

12 

10 

0 

12 

10.74 

2.25 

5 52 

(15 SI 

2.03 

2.17 

1 22 

0.12 

76 

3 

12 

7 


In conclusion, wr may say for C(‘in(uits low in C:^A that C:jS exorcises a 
markoil influence on rate of increase in strength of inoist-cured mortars 
up to 1 year; thereafter the eflect of is more potent. The compressive 
strengths of mortars generally show an upward trend for ages beyond 


TABLi: 4. -A\ I':UAOES OF PHYSICAL PIIOPERTIES OF CEMEN IS 1 TO 12 
(All eeini^nls were suuiid in pat tests.) 


('lTIK'IiL Nu. 

1 

2 

3 

4 

5 

G 

7 

H 

0 

10 

11 

12 

Water (|R;r cent). 

23.0 

25 4 

26 3 

23 7 

23.5 

21.7 

22 4 

2G 8 

25 6 

27.0 

25.7 

24.9 

Initial Sid,* li.rii. 

4:12 

4;3G 

3:42 

3:22 

3:38 

1:24 

4:0G 

3:07 

2:37 

1:34 

3:23 

4:24 

Pinal Set,* li.m.. 

G;3I 

7:02 

5:51 

5:.58 

5:21) 

6:32 

G:25 

5:18 

1:34 

5:14 

5:14 

7:22 

Per i*nt I'lwsinu Nd. 21K) Sieve 

113 

05 

08 

08 

80 

.46 

02 

1(H) 

0!) 

100 

90 

OH 

%<ll micrDIES. 

2.8 

27 

13 

3G 

27 

31 

31 

46 

43 

48 

39 

3!) 

%<2l “ . 

45 

45 

GG 

54 

42 

48 

44 

GO 

G1 

73 

61 

60 

'?r<31 “ . 

li2 

(ill 

8-1 

73 

GO 

68 

G2 

80 

71) 

01 

83 

79 

';:.,<44 • 

71 

7G 

00 

82 

G8 

78 

71 

04 

88 

07 

01 

86 

Surface Area cm-, gin. 

1520 

1530 

2130 

1830 

1470 

1GG0 

1600 

2230 

2070 

2320 

2000 

1970 

■ CiilliiiDre Metlmi!. 



~ Noriiuil Purl lands - 

— 

- » 


- Iliijh Early StreiiKth 



1 year, but the tensile strengths often show retrogrevssion. Retrogression 
ill tensile sliHuigth is most pronounced in mixes rich in cement which are 
subjected to periods of wetting and drying, and in lean porous mixes which 
are stored continuously under water. Curing at low humidities is detri¬ 
mental to strength of all mixes. Curing 1 : 3 mortars of standard sand in 
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moist air usually produces lower strengths than curing in running water 
at ages up to six months, but Lsubsequently the specimens cured in moist 
air become stronger. 



Fio. 10.—The Influence of Cr3nipound Comiweitinn on Mortar Strength. 
(Compiled from Pruc. Highway Research Boards Vul. 10, 1936, p. 135.) 


367. Expansion and Contraction Due to Variations in Moisture Con¬ 
tent. —Owing to colloidal nature, Portland cement pastes and mortars 
undergo a volumetric contraction when they are allowed to dry in air and 
to a less extent an expansion when hardened in water. 



PORTLAND CEMLNl 


l-hvIIIl* Saim M'lrUi 
vUI'C'.lI Oulhliln 


rropCrtItJii 

f»f Mati'rlals 


Conit'id. No. 

3M. 4M. 

5M. 

7M. 

Syiiibid 

□ • 

jy' 


.Surfat-L! Arua^^ 

HOD 12U5 

1235 

1206 

c:JS 

34 21 

35 

IB 

Cl»S 

3D 46 

35 

51 

u:]A 

10 15 

15 

10 

ClAF 

H 6 

H 

0 

IMuO 

4.4 2.0 

2.3 

3.0 

Jancsvilli' Sand: inO!«< V 

- In., 


ti\%< No. 2fl, J2J6< Nu. JH S\v\\i 

fliiriioati iiHjdiilua = 2.8C 




iiliinl Saiiil Ml)rlur 

iiriMl OulHhU' I 


svlllD haiiil Morlar 

UI-LmI f)lll8llll! 


lui'il SaiiiT r 
■ ml Oiilslil 


1:3 SlaiiLlarcl Siuiil Morlai' 

(,’uiHitl In WalL'r I 




l:<i Stnnilai'il Sand Mdrla 
CuriMl Outshla 


l:a Slafidard Sand MyrUn 
Cured in AVater 


Ape - Lok^ Seale 

Fig. 17.—StrpiiKth-Agi‘ Curves for Mortiirs of Four Porllaiid Cements. (Wisconsin Tests.) 

The contraction in air varies with the decrease in the proportion of 
free water in the pores plus water held in the colloids. * It may be increased 
• Y. Yoshiilii, Jour. Am. Cone. I mi., Vol. 9, No. 1, 1937. 
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Fih. 18.—The Lineiir Contraetiun of rrisni^ of Neat Cement Sionul in A»t. (White.) 


by the water released by carbonatioii of calciuiii hyilroxide. The expan¬ 
sion in wet curing is dependent upon the increase in the proportion of 
water combiiu?d with the cement. 

The existing evidence shows 
that both hygral expansion and 40.15 
contraction vary with the ptuste -4 ij'.o 5 
content of the mix and with the 
ratio of water to the cement. 

TIk^ contraction in air varies 
with (1) the humidity of the sur- 
rounding atmosphere, (2) the 
ratio of the exposed surface to z+o.of' 

‘ ^ II. nil 

th(‘ volume, (3) the thickness of g+HJS 
the mortar or concrete, (4) the 
proportion of cement grains hy- t + S.'S 

^ ^ ^ + il 15 

drated, wliich is largely depen- +iuii 

dent on the length of the moi.st «.»« 

curing ix>riod, (5) the length of m rxr i.*-. i. 

^ \ .1 3 /o\ xu —Changesin Lirngth of Neat Cement 

the diyiiig period, and (6) the Bars when Alteniiitely Wet and Dried at 

proportion of tricalcium alumi- lioom Temperature. (W'hite.) 

nate in the cement. 

A summar}^ of important experiments by Prof. A. II. White is given in 
Proc. A.S.T.M., Yol. 11, p. 531 and Vol. 14, p. 204. All cements used by 
White passed the standard soundness tests. After being cured 24 hours 
in moist air, the initial readings were taken on the 1 by 1 by 4-in. prisms, 
a micrometer with probable error of 0.003 per cent being used. 

Figure 18 shows the average contraction of air-cured neat cement prisma 
at various ages up to four years. Five or six different brands are repre¬ 
sented up to two years, and three brands for the remainder of the 
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time period. The effect of prolonged seasoning on contraction was 
negligible. 

Figure 19 gives the expansion time curves for water-cured neat prisms 
made of four brands of cement and also shows the effects of removal from 
water and subsequent immersion. It will be noted that the bars shrank 
very slowly after rianoval from Avater hut expanded very rapidly within 
a day when subsequently imnuTsed. The behavior of the duplicate bars 
146A3 and 146A4 well illustrate this phenomenon. The former, after 
being subjected to short immersion periods and long drying periods, 
exhibited no pronounced change in mean length during three years’ treat¬ 
ment, whereas bar 146A4, which received long periods of soaking and 
short-drying periods, increased in mean length about 0.15 per cent during 
the same time. No diminution in the proportionate expansion or con¬ 
traction of the bars appeartai after repeated applications of the wetting 
and drying process. In several instances the changes in length increased 
with repetitions of this treatment. A saturated atmosphere caused 
expansion comparable to that obtained by immersion in water. 

Alternatt^ wetting and drying caused more rapid changes in 1:3 
moiiar specimens than in thos(^ madi‘, of neat cermmt. Prisms cut from 
sound and strong sidewalk toj)s, wdiicli had seen tw^enty years’ service, 
exhibited cliang(\s in length similar in kind and intennediate in magnitude 
to the cliangt\s obsrTviai in the neat and mortar bars. Experiments 
on compound bars made of ecjual layers of neat cement and 1 : 3 mortar 
led Whitts to the conclusion that such specimens expanded and contracted 
togetlier hut not at tlu' sjinu' rate nor to the same degree, the difference in 
expansion varying from 0 to 0.15 per cent. 

Tablt' 5 gives average values of expansions obtained by the U. S. 
Bureau of Rl,audarils l^aV)ora,tory for neat and 1 : 3 mortar prisms made 
from ten different American brands of Portland cement. 

TAm.i: 5.—AVl<:ilAGl': UNEAU ICXPANSION of neat and l : 3 STANDARD 
SAND MORq'AR TRISMS OF TI:N DIFFERENT BRANDS OF PORT¬ 
LAND ci:mi:n4’ curj:!) in water 


(Pror. A.S.T.M., Vol. 15, p. 141.) 



PKIirKNTAI'.K I.I 

INEAK I'iXl'ANSlON AT ThIIITEEN WeEKH.* 

Mix. 

NoiiMAi^ Cement 

11Ec;noUNL> 87-D3 % < N f) 

. 20D Mkhii. 


Miixiiniiiii 

Mini mu 111 . 

Averagp. 

Maxiniuin. 

Miiiifiium. 

Average. 

N t'lii . 

0 120 

0.057 

0.000 

0.132 

0 050 

0 085 

1:3. 

0.024 

0 005 

0.012 

0.027 

0.005 

0.013 


Avrrnffr roNuIts rtjprraicnt twenty epecinriRns. Each Bpeciiiicn waa iiiBaaured aevcral timea with 
A Barry atrain gaes. 
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A comparison of the contractions of by I J by 12 -in. bars due to 
variations in paste content is well shown in Fig. 20 from the tests by 
Y. Yoshida. 

The effect of tricalcium aluminate on expansion of cement mortars 
was reported by Gonnerman (refer to Art. 351). Length measurements 
were made on 3 by 3 by 15-in. mortar bars of 1 : 3.6 proportions, by 
weight. He found that the contraction after 2 yr. in air at 50 [K^r cent 



Fiq. 20.—^Shrink.igo of Nivit, Mortar, and ConcToio l^ars in Air of 50 Pi;r Cent 
Relative Humidity. (Pri^c. A.C.f.j Vol. 34, [). 33.) 

Mortar rontaiiiiHl sand passinK Nn, 8 sieve, ni = 2..''i7. 

t'oiiCrete cnnlaineil pcruvel 0 to ’4 in., w. =- I.Sr). 

liars 1 !i by 1 I 2 by 12 in. were given au initial moist HtoragR. 


I'elative humidity and room temperature, following 3 mo. of moist curing, 
varied from 0.07 per cent for mortars with cements having no tricalcium 
aluminate, C 3 A, to 0.11 per eent for others having a C.jA contruit of 20 jx^r 
cent. The contractions after moLt curing 7 days and diying 14 mo. were 
approximately the same. His data indicate that the contraetion caused 
by tricalciuin aluminate was proportionately three times as much as that 
due to C 2 S or C 38 . 

For data on hygral changes of concrete see Art. 522. 

358. Effect of Remixing and Retempering on Strength of Cement.— 
From the results of tests made at the Watt^rtown Arsimal there has been 
plotted Fig. 21 . This diagram shows the strengths of 6 -in. neat cement 
cubes made from pastes which were remixed by hand after setting for 
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Fiu. 21.—J']1T(M'-( of Ui'inixirig aftor Setiing upon the ComfjroHwivi* StroiiKih of Nivat 

Cement Cubes. 


difTortuit intervals of time. Th(^ initial percentap;e of water is iiulieater! 
in the figure. Sufficient additional watr'T was adtitid whenr^ver the pastry 

became ilry t o sraain^ 
thi^ original consist¬ 
ency. 

The influr^nce of 
retemperijig anil rr*- 
iTiixing of conerr'te 
mixes of 1:42 pro¬ 
portions, by volumi', 
^^'ith and without ad¬ 
mixtures is shown in 
Fig. 22, from the 
Report of tlie Di¬ 
rector of Research of 
tlie Portland Cemi'nt 
Association. Theses data indicate that the strength was reduced in pro¬ 
portion to the increiivse in the w^ater-ceinent ratio caused by retr'inpering. 
After staiuling 6 lir. the compressive strength of the reternpered mixes 
without admixtures was reiluced 15 to 20 per cent. When no retemper- 
ing was done, the strengths were not materially affected by standing 6 hr., 
but the workability as expressed by the flow was reduced from 250 tc 
IbO per cent. 



Fiq. 22.—F-lTcrL of Uni[‘iniinriiin; aiul Remixing; on Strength 
of 1 : 4^ Coiierrie. (P.C.A. TewLs.) 
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Table 6 shows the strengths at one month of grouts made from various 
ceiTieiiis which were allowed to remain for 15 or 15 hr. in the mixing 
board and were then remixed with an addition or removal of water, if 
necessary, to obtain the consistency ordinarily used by masons. 


TABLE 6.—EFFEC^T OF RirrEMPERING ON THE COMPRESSIVE 
STRENGTH OF NEAT CEMENT GROUTS* 

Sj)Rrimpiis werp 6-in. ciiho.s. Ajfp test = 1 inn. 


Brand. 

Kind rif 

1*KK Cknt W.\tkr 
(hv Wt.) at 

Interval 

hplWKi'n 

Mixine and 
MiiliTine 

(Hr ). 

Nil. of 
iSpiT. 

COMI'RKMHI V K StUKN UTH 

(Lb. I’KU Sci. IN'.) 


Mol dine. 

AI ax. 

Mi:- 

vi’ragB. 

Al|)hM. 

Portland 

44.6 

43 6 

15 

S 

3706 

3302 

3480 

DyiLiThoff . 

Portland 

4d.3 

13 3 

15 

8 

2250 

1.608 

2113 

.Jowson. 

Portland 

48.fi 

43 7 

15 

8 

2304 

1676 

2087 

Strol. 

Slag 

50.6 

50.6 

15 

8 

585 

516 

554 

Mjirikiitn. , . 

Natural 

68.8 

68.8 

16 

7 

316 

255 

264 

Norton. 

N atund 

56.0 

64.5 

15 


377 

305 

343 


* TeaU of Mvtah, I'JOl, p. .'S20. 


359. Effects of Low Temperatures on the Strength of Cement.—In 

general it may be stated that the setting of cement proceeds at a very 
slow rate when the temperature falls below 40° F. AVhen the tempera¬ 
ture falls below freezing the particles of cement in unset speuamens are 
separateil by the expansion of water in freezing. A minimum amount 
of water shouhl, therefore, be used in cement work subji'cted to freezing 
temperature in order that this expansive action may be as small as possible. 
Alternations in freezing and tliawing before the cement has attained hard 
set generally cause a loss in cementing powe r owing to the rej)eated break¬ 
ing of the bond between adjacent particles. If the work frer^zes before 
setting but thaws without refreezing, it will in time secure 50 per cent of 
normal strength if moisture is provided for proper curing. 

From the result of a very large nuTnV>er of compression tests on neat 
cement made at the Watertown Arsenal, the data in Table 7 have been 
selected. These tests show that there is considerable chemical activity 
in neat cement when setting at 0° F. It appears that neat cement speci¬ 
mens subjected to such low temperatures immediately after mixing gain 
strength at a very much slower rate than specimens cured at room tem¬ 
peratures; but that after several years the test-pieces stored at low tem¬ 
peratures develop a considerable proportion of their normal strength. 
It also appears that specimens hardening at 70° F. for a given period will 
attain a greater strength than specimens which are allowed to harden 
for a like period after an exposure to freezing temperatures. If neat 
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Fpecimens are aUowed to set for one day at room temperature before 
being subjected to freezing temperatures, the rate of growth in strength 
is more rapid than if immediately frozen. 

TABLE 7.—THE EFFECTS OF LOW TEMPERATURES ON THE COMPRESS 
IVE STRENGITI OF 2-JN. CUBES OF NEAT PORTLAND CEMENT 

(Test-s of Metals 1901, 1902 and 1907.) 


BrariiJ of 
Cement. 

J’tT Cent 

Wat, IT. 

1 U'lMK OF iS’ETTI.N'r; JN Alll 
AT TeMI'EHATIJIIES df 

T ntal 
Arp. 
Days. 

COMPRESBIYE .SrHENOTH * JN 

Ln.-jN.2 After Stohacip:. 

7fr F. 

J.):iy.s. 

0“ F. 
Days. 

70“ F. 
Days. 

TrPiilmrnt 

In [lir.aif’Ll. 

In Air at 70“ F' 
far Tdtal Are. 

Star. 

2AA 

0 

31 

1 

32 

1350 

4570 



0 

31 

7 

38 

2340 

4820 



0 

89 

1 

90 

1720 




0 

89 

30 

119 

3020 

4410 



0 

1 yr. 

1 


2724 


Star. 

24.0 

0 

5 yr. 

1 


3250 


Alsen. 

28.2 

0 

30 

1 

31 

9B0 

3900 



0 

30 

7 

37 

2440 

3450 



0 

90 

1 

91 

1210 

4040 



0 

90 

29 

119 

2520 

3510 



0 

1 yr. 

1 


1580 


Alpha. 

25.0 



1 

1 


582 



1 

7 

1 

9 

2400 

4990 



1 

179 

1 

181 

3070 

5910 


25.0 

1 

5 yr. 

1 


0320 




1 

5 yr. 

36 


8100 


Alpha . 

23.0 



7 

7 


5550 



7 

9 

1 

17 

5100 

5730 



7 

188 

1 

190 

5350 

5940 



7 

.*■» yr. 

1 


7310 




7 

5 yr. 

41 


7050 


Atlas . 

24.0 



1 

1 


689 



1 

7 

1 

9 

2140 

4130 



1 

181 

1 

183 

2950 

5410 



1 

5 yr. 

1 


4100 




1 

5 yr. 

40 


6780 


Atlas. . .. 

24.0 



7 

7 


3730 



7 

7 

1 

15 

4210 

48 tM) 



7 

18 

1 

192 

4500 

5790 



7 

5yr. 

1 


6640 




7 

5 yr. 

40 


7410 



* Each result is averaged from 6ve or more teata. 
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Tests on mortars and concretes indicate that high early stren^h 
Portland cements and cements high in tricalcium silicate have resistance 
to freezing and thawing superior to the modified cements or those low in 
tricalcium silicate. This is especially true if freezing takes place at an 
early age. A high tricalcium aluminate content also appears detrimental 
to resistance to freezing and thawing. For additional data on effects of 
low temperatures on concrete, see Art. 539. 

360. Effect of High Temperatures on the Strength of Neat Portland 
Cement.—In Tests of Metals^ 1902, a report is made of a number of 
tests on 4-in. cubes of neat cement which were cured for one year in air 
or water and then gradually heated to temperatures of 600° to 1000° F. 
The cubes were cooled in asbestos or sawdust and aged for four days to 
four months before they w^ere tested. After being heated most of (he cubes 
showed faint cracks, w Inch gradually enlarged when the cubes were allowed 
to stand in air for several days. In several of the specimens subjected 
to temperatures of 900° F. these cracks became so large that the speci¬ 
mens were rendered unfit for testing. Specimens subjected to tem¬ 
peratures of 800° F. or above showed a marked decrease in strength, 
especially those hardened in water. Of the cubes made from Dyckerhoff 
cement and gaged with 29 per cent of water, those hardened in air showed 
a loss of weight varying from 7.7 per cent after being subjected to 700° F. 
to 10.5 per cent after 1000° F.j those hardened in water lost 17.7 per 
cent after being heated to 1000° F. 

361. Experiments on the Rise in Temperature during Setting.— 

In large masses of concrete the heat evolved in setting is dissipated so 
slowly that a marked rise in temperature occurs. Eventually the interior 
cools and contracts, thus inducing tensile stresses in the interior of the 
mass. If these are sufficiently high, they may cause cracks, wdiich in 
turn may unite with surface shrinkage cracks and thus promote leakage 
and subsequent disintegration. Hence special attention is given to the 
selection of the cement, the proportioning of the mix, and the rate of place¬ 
ment for such structures. The average heats of hydration for various 
types of cement reported by the Bureau of Keclamation in Special Cements 
for Mass Concrete (1936) arc: 


Type of Cement 

No. of 
CcmenlB 
AveruKed 

Specific 

•SurfacE 

CmVgm. 

Pert^^ent 

Heat of Hydration in Calories 
pr^r Krain of (’einerit after 

3 days 

7 tlayfl 

28 days 

High Early Strength. 

12 

2030 

5fi 

102 

108 

114 

Standard. 

11 

1770 

43 

79 

8fj 

91 

Modified. 

12 

1930 

42 

1)3 

74 

82 

Low Heat. 

14 

1930 

20 

44 

52 

65 
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The computed relative effect of various types of cement on adiabatic 
temperature rise (no heat loss permitted) in concrete containing 1 bbl. of 
cement per cu. yd. is shown in Fig. 23 * For an initial temperature of 
40° F., the rise above that initial temperature is less during the first few 
days, but at 28 days somewhat greater than for an initial temperature 
of 70° F. 

Professor R. W. Carlson f has computed temperature rise in dams due 
to various rat(\s of placement. Figure 24 shows the computed temperature 
rise at various distances above the foundation at the end of the 14th day 
after the initial lift was placed, when 5-ft. lifts were cast every 4 days. 
For lO-ft. lifts cast every 8 days, Carlson’s computations indicate some- 



Fiu. 23.—Ri'iiil ivf FfTiTt of Typo of Comoiit on Adiiiliiitii; Toiiipi'trrituri'; llisi* of CoiirToto. 

(.1. W. Kelly.) 

what greater temperature rises. For 4 lifts of 2.5 ft. cast at 2-day intervals, 
the calculations show a maximum temperature rise of 24° F., as comparetl 
to 42° F. 4 days after placing a single lO-ft. lift. He indicates that less 
temperature rise will occur if a given height is placed in several small lifts 
and then tinii‘ is allowed for the heat to dissipate prior to further placement. 

362. The Resistance of Cement to the Action of Alkali Waters and 
Sea Water. —Under laboratory conditif)ns neat cement may be disinte- 
grati^d by the combined chemical and mt^chanical action of waters contain¬ 
ing various salts, such as the sulphates of magnesia and sodium, +’ie 
chlorides of magnesia, sodium and calcium, and the carbonate of soda. 
The sulphates and chlorides are chemically active in removing lime from 

* From p.'iper hy J. W. Kelly, Prw. Am. Cone. 7rus/., Vol. 34, p. 577. 
t Froc. A tn. Cone, /rwf., Vol. 34, p. 497. 
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the cement, while the carbonate of soda alone or in solution with sodium 
sulphate or sodium chloride withdraws silica.* If the test-pieces are 
subjected to alternate wetting and drying a mechanical action greatly 
accelerates the breakdown of the cement. Under such conditions, crys¬ 
tals of large size are rapidly formed and expansive forces arc produced. 
Under the action of these forces neat cement pastes are disintegrated 
more rapidly than lean mortars.f 

In the investigation nnviitioned in Art. 351, Gonnerman reported tests 
of mortar briquets and cubes and 3 by 6-in. cylinders, the latter with a 
water-cement ratio of 0.56, by weight, all of which v\ (*re subjected to the 
action of 2 per cent magnt^sium or sodium sulphate solutions after moist- 



Fig. 24,— Cali’ulntf'il Fi'inpiT.'itun* DLstrihutinn in a Mass of Connn^to. 

(Jl. \^^ Carlson, Proc. A.C.I.j Vol. 34, p. 501.) 

curing for 28 days. The strength of the solutions was periodically adjusted 
to maintain constancy, h'roin time t() time, visual ratings of the appear¬ 
ance of the specimens were made, also strength tests. The data from 
Gonnerman’s tests in Fig. 25 show that the resistance f)f the concrete 
specimens was le.ssened as the tricalcium aluminatc content of the cement 
was raised above 7 per cent. Similarly he noted that the expansions of 
concrete cylinders subjected to sulphate attack became more pronounced 
when the C-^A content of the cement ('xceeded 7 per cent. 

Stanton and Meder f reported an extensive investigation by the 

* Action of the Salts in Alkali Water ami Sea Water on Cements, Technologic Paper, 
No. 12, U. S. Burt'au of Standards, by Bates, Phillips and Wig. 

t The Effect of Alkali Water on Cement Mortars, A. J. Fisk, Engr. News, Aug. 18. 
1910. 

X Proc. Am. Cone. Inst., Vol. 34, p. 433. 
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California Division of Highways on the resistance of cements to the attack 
of sea water and alkali soils. After analyzing soils and waters which had 
caused disintegration in concrete roads and structures, they subjected 
6 by 6 -in. cylinders of concrete containing 5 and 6 sacks of cement per 
cu. yd. to the action of the aggressive alkali soil. Specimens were moist- 
cured for 28 days and then buried to two-thirds their depth in pans of soil 
placed on the laboratory roof. In dry season tap water wa.s added once 
or twice a week to maintain free moisture in the soil. The soils contained 
approximately 19 per cent of water-soluble salts, of which about J was 
sodium sulphate and ^ magnesium sulphate, the remainder of the salts 
being largely calcium sulphate, calcium chloride, and bicarbonate of soda. 




Fiq. 25.—InfliienrR of Tricalciiini Aluminfito Content of Cement on the Duraijility and 
kStrenglh of Cuiierete rjxi)nsed to Suljdiati; Solutions. Numerals inilieate numher 
of identical values. (CoiineriDan, loc. cit.) 


The specimens were examined every three months and losses in weight 
determined. 

Figure 26 show's the relation of the loss in weight to duration of exposure 
for cylinders of 5-sack concrete made with various standard and modified 
cements marketed in California. Of the modified cements ASW, BSW, 
and DSW were made by additions of iron or iron oxide to the raw mix 
prior to burning, thus reducing computed C 3 A and increasing C 4 Ar. 
They were intended to be satisfactory for use in sea w'ater and have moder¬ 
ate resistance to sulphate attack. Cements HkSll and KSR with high iron 
contents were designed to have high resistance to sulphate attack. Cement 
LM w'as a puzzolan cement made by blending silicioiis material with the 
clinker. The advantage of this procedure arises from combination which 
this silicioiis material makes wdth any free lime in the clinker, thus fore¬ 
stalling the attack of the alkali sulphate on the free lime. These data 
show that the resistance to alkali attack is related to the computed con- 
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tent of tricalcium aluminate. With the exception of standard cenient^s 
ES and EbW, the modified or blended cements, all lA which were low in 
C 3 A, were much more resistant than the standard Portland cements used 
in these tests. Cements ES and ESW were more resistant than their com¬ 
puted C 3 A contents would indicate. This may have been due to conditions 
in manufacture which reduced the content of this component below the 
computed value. 

363. Effects of Oils and Acids on Cement and Mortar. —]\Iost mineral 
oils show no tendency to disintegrate well-cured cement mortars.* Lean 
mortars (1 : 4) may develop less strength when partially immersed in such 
oil after 7 days than when moist-cured for a mojitli or more prior to immer¬ 
sion. Soaking the surface of a floor in a mineral oil of low viscosity will 
cause a marked reduction in its abrasive resistance. When mineral oils 


Stniirlarrl Ci'iiilmiIh 



Fia. 20.— Comparison of Performance of Standard PoiiJand Ci*men1s with iliat of 
Modified Sulphate Resistant Cements. (Pror, A.C.L, Vol. :M, j). 449.) 

are incorporated into the mixing water they materially retard the set of 
the cement and reduce the strength. 

Animal and vc'getable oils, which contain organic acids or which become 
rancid on exposure, will attack the lime compounds in the cement, form 
lime soap, and cause surface disintegration. Toch * suggests that this 
attack is due to the expansion during crystallization of the oleate and 
stearate of calcium. Therefore in lubricating molds only mineral oil should 
be used and the amount should be as small as possible. 

Seeds f in shells like andaasu, ayry, tucurn, and urucury, when subject 
to moisture, generate uluric acid, which attacks the lime in the cement. 
Crushed seeds wdiich in moist surroundings generate considerable carbonic 
acid will also react adversely on lime compounds. Usually the acetic or 
* J. C. Hain, Engr. News^ Vol. 53, p. 279, 419. 
t F. W. Friese, Conersta and Const. Engr., Vol. 27, p. 347. 
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lactic acids in silage are too weak to attack a dense, well-made mortar but 
the spillage of milk and cream on creamery floors produces pronounced 
attack on cement surfaces and mortar joints. Light, refined molasses * 
may attack concrete containers in time. Tannic acid, commonly found 
in the top soil overlaying sand and gravel deposits, may cause a marked 
reduction in the strength of a cement mortar if 0.1 per cent is present in 
the sand or gravel. 

Weak solutions of sulphuric or hydrochloric acid (less than 0.3 per cent) 
will cause a marked attack on cement mortars and concrete. Natural 
water with pH above 7.0 has a negligible attack on cement, but with a 
lower value the lime is removed from the cement in proportion to the 
decrease in the pH number; and the strength of the mort^ar is thereby 
reduced, t Mine waters are likely to run high in aciflity and consequently 
aggressively attack mortars and concretes. J 

364, Effects of Sugar on Cement.—The addition tjf as small an amount 
as one-eighth of one per cent of sugar to cement has bi^en reported to 
produce a marked delay in the time of set and practically to destroy the 
early strength. § Additions of sugar, less than 2 peu* cent, apjxiar to 
increase the strength at an age of two or threes months. By some, the 
action of sugar is attril)uted to the formation of a soluble calcium sac- 
charate (C 12 H 22 O 11 ■ CaO+ 2 H 2 ()). 

• M. N. Cliiir ami M. A. Miirrisspy, Engr. Npin.'i Rec., Vnl. Ill, p. 775. 

t Bailey Trpiripnr, Cmifract Record, Vnl. 45, p. 1441. 

t A tabiilatiriii sunimariziiiK the I'iffent of Oils and Misf(‘llaneous Licpjids on Con¬ 
crete and Mi'thml of rmti'ctive Treatment Where Required is given in Appendix 17 
of the Uei)ort of the Joint Coinmitl.ee on Standard ^peeifirations for Concride and 
Reinforced Concrete. (Si‘e Pror. A.S.T.M., Vol. 24, p. 381.) 

5 Parsons, Engr. NeuKs, 1887, Vol. 2, p. 401; also sec series of letters in Vol. 09, 
pp. 126, 127, 478. 1077. 
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NATURAT. A\l) OTJTICR llYDRAI LTC CEMENTS 
NATURAL CEMENT 

365. Definition.— Natuij.il is madi' by burniiij^ a natural 

ar| 2 :illaet' 0 UH liiru^stonn at a low riHl luait vvdiich is suffioii'nt to drivo off 
carbonic oxide (COj). Ailditions up to 5 pin- cent of Tion-di'lctcrious 
iiiatenals an* perniittiMl after burning. Tlu' clinlvcr must be fiiudy ^rround 
to provide hydraulic properties. 

366. Process of Manufacture. —The liniesioiie, cfAitaiiiinp from 15 
to 35 per cent (‘lay, is burnt in verticid kilns 30 to ft. high and 10 to 
15 ft. in diameter. The cfimmon type of kiln c‘onsisl.s of Ji cylindrical 
steel shell open at the top and lined with fire-brick. In oyieratiiiK a 
kiln, thick layers of limestone and thin kayc'rs of soft coal sire jilternately 
dumped into the top of the furiuu r' and the ])urnt (*li?d\er is di Jiwn off at 
frequent intervals from the bottom. As tlie liiiH‘stom‘ di'sciaids iji the 
kiln, water is first drivcni off from the ro(*k. At ji tt‘in])eratin(‘ of jil)Out 
700° C. magnesian carbonate begins to d('compos(‘. Limi' carbonate dis¬ 
sociates at 9(K)° C. and clay at a sommvhat hif;luT t(‘mperature. The 
alumina and iron oxide set free, hy the decomposition of tlie clay comliinn 
wath the lime and magnesia and, if the final tianpejature be liigii enough, 
lime and magnesian silicates Avill be fornu'd. Tlu^ process is run con¬ 
tinuously and jil)out one-third of the charge, in the form of clinker, is 
daily withdrawn from the kiln. 

On account of the variations in tin* quality of the law' nniterial and 
on account of non-uniformity in burning different parts of the charge, a 
considerable portion of the resultiXJit clinker is either undei-l uriied or 
over-burned. According to Ecked from 10 to 33 per c(*nt of the result¬ 
ant product cannot be used. After the clinker has bei'ii n*moved from the 
kiln it is allowed to season in the air in order that any under-lairncd 
clinker iiniy be skicked lief ore grinding. Sometimes slacking is accel¬ 
erated by steaming the clinker. 

The burnt clinker is first passed through a stone iTushcr and then fed 
to some form of apparatus for grinding it to the requisite fineness. For¬ 
merly, all mills used the millstone griiuh*rs commonly (*mployed in flour 
mills. More recently, however, a decided improverncDl in the fineness 

:ti9 
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of /^rinding has been effected by the introduction of ball mills, tube mills 
and other modern equipment used in grinding Portland cement. 

Natural cement is sold by the barrel (4 one-cubic-foot sacks). The 
weight per barrel is 282 Ib. net. 

367. Characteristics of Natural Cement. —Natural cement is an impal¬ 
pable powder varying in color from yellow to brown ami in specific grr vit\' 
from 2.80 to 3.00. It resemVdes hydraulic lime inasmuch as it is ill dv 
from a natural argillaceous limestone and will set when mixed with walei 
either in air or under water. On the other hand, natural cement clinkii 
slakes l)ut little, if any, when wnter is poured upon it. 

Most natural cements are not so finely ground as Portland cemcT 's 
although mucli improvement in this important property has betm efleilr i 
in rerarnt ytsars. 

Natural cement requires more water for normal consistency and sels 
much more rapidly but with a less evolution of heat tluin Portland cement. 



Fnr 1.—Tensile Strenp^ih-Agi* ( ^irv(‘S for Neat iiml ] : 2 Niiiurar Crincnt Mortars 
(From Taylor’s /Practical Ccmc/iC 7’i\sli/ir/.) 

For pastes of normal consistency the time of initial set will usually vary 
from fifteen minutes to one houi‘ and final set will generally occur within 
thna* hours. An excess of water greatly retards (he setting of natural 
ceinent pastes. Aeration also i-et anls the set of natural cement. 

On account of the vjirial)itity of the raw^ materials einj)loyed in man¬ 
ufacture, naturid cements dilTer considerably in chemical composition, 
hjven in tlie same l)ranil consideraVde ilifferences iii the composition are 
common owing to variations in the rock and degree' of i*alcination. The 
approximate ranges in aino\iiits of the chief chemierd compounds found 
in natural cenu'nts, as obtained from over 100 analyses given in Eckehs 
Cr7/icnf,s, Lf//ir.s a/u/ P/f/.s/cr.s*, C’h. XI.X, are as foll[)ws: 30 to 00 per cent 
of lime (CkiO); 15 to 35 per cent of silica (Si02); 1 to 25 per cent of mag¬ 
nesia (MgO); 2 to 20 per cent of alumina (AI2O3); 1 to 10 per cent of iron 
oxide (FeoOa); and, in general, less than 10 per cent of warter (H2O), 
carbon dioxide (CO2), the alkalies (K2O, Na20), and sulphur trioxida 
(SO3). 
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368. Properties of Natural Cement. —Because of variations in com¬ 
position ana niannfacturc, the properties of natunil cements, even those 
of thf; same brand, often differ consideral)ly. In Fini;. 1 are shown the 
average tensile strength results of numerous tests made by W. P. Taylor 
on different brands of natural cement. Attention is called to the regu¬ 
lar increases in tensile strength which accompanies an increase in the age 
of briquettes. Although natural cement gains its full strimgth much less 
rapicily than Portland cement, it does not, in geiu'ral, exhibit marked 



Firj. 2.—Ihe Effects of Ago on the Ton.sile ►Stroiigtlis of Nalurnl ajiil l‘ortl;iJuJ Coiiioiils 
Used in the New Crotun Dam. (G. G. Ilomiess, Trana. A.S.U.E.^ V^ul. 7ti, p. 


retrogression in strength, even when tested ni‘at. This fact is widl illus¬ 
trated by Fig. 2 which shows tin* results of long-time tensile tests on three 
brands of natural and one brand of Portland cement used on the New 
Croton Dam. In these tests the mortars were made with crushed quartz 
passing a No. 20 sieve and retained on a No. 30 sieve. The number of 
specimens per point on the diagram ranged from 15 to 14,740. Nearly 
all the tests were made by one operator. 

The ratios of tensile strengths of 1 : 2, 1 : 3, and 1 : 4 natural cement 
mortars to that of neat natural cement when moist-cured 6 mo. Wheeler 
{Reyi. Chief Engr., 1895, p. 2982) found to be 0.65, 0.45, 0.35. 
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Natural cement in good condition .should exhibit minimum tensile 
strengths in 1 : 3 mortars of standard sand and standard consistency 
(Art. 417) not less than 75 Ib./in.^ after 7 days and 150 Ib./in.^ after 28 
days of moist curing. In compres.sion the strength of similar mortars at 
7; 28, and 360 days should average 450, 1000, and 2500 Ib./in.^, respec¬ 
tively. 

Exposure of natural cement to air is likely to cause a reduction in the 
tensile strength of mortars madr^ from the aerated cement. Regaging 
neat natural cement mortars with wah'r adversely affects their strengths. 
Some of Wheeler’s tests (Repi. Chief Engr., 1895, p. 2980) indicate that the 
reduction in tensile strength for a single regaging at the end of one hour 
was 30 per c(^nt and regaging three times in three hours caused a reduction 
of 40 per cent. Natural cement mortars are adversely affected by freezing 
and thawing in about the same proportion as Portland cement mortars, 
but their final strengths after such action are much lower. 

369. Uses and Production. —^Until the beginning of the twentieth 
century natural ctanenl had btam extensively uscmI in monolithic construc¬ 
tions in concrete in which grtvat strength was not rrajuired. The quicker- 
hardening and superior strength properties of Portland cemruit tind the 
lowt'ring of the price of the latter have practically eliminated natural 
ceiru'iit from that fielil. Natural ctanent now finds usi^ chitdly in masonry 
mortars for sewt'rs, buildings, and various tyjjes of unit masonry construc¬ 
tions. The (luantity of natural cement producinl annmilly in the IJnittul 
States approximates two pi‘r cent of th(‘ production of Portland ctanjuil,. 
Its cost is about 20 to 30 per cent less than that of Portland cement. 

MISCELLANEOUS CEMENTS 

370. White Portland Cement. —Stainless white Portland cements of 
high strenglli are used in ornameidal work both interior and exterior, in 
making buihling blocks, cast stone, .slucco, stainless mortar, and in marking 
highway lanes. In order to obtain the white color it is necessary to use 
raw materials with a low content of iron oxide. Generally less than one 
per cent of this oxiile is present in the finished cement. Furthermore, it is 
nec[\ssary to use fuel free of pyrite and to burn at a ttanpcTature above the 
normal. Consequently wliite Portland cement is somewhat more expen¬ 
sive than the ordinary variety. In pliysical propertic's, white Portland 
cements conform to the Standard Specification for Portland Cements, 
although the strength at one and si'ven days is sonndiines low.* 

371. High-early-strength Portland Cements are made from high-lirncd 
mixtures, burneil twict', ami very fimdy ground, d'hey contain a higher 
proportion of tricalcium silicati* than ordinary Portland cements. Con¬ 
sequently, although setting at about the same rate as ordinary Portlands, 

• For duiii on .set’ T. H. Bales, Truiis. A fu. Cfnimu' Soc., A ol. 16, j). 551. 
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they harden much more quickly and with greater evolution of heat. 
Briquettes of 1 : 3 standard sand mortar should obtain u strength of 275 
Ib./in.^ at one day and 375 lb./in.- at three days. 

Comparing strength of concretes of high-early-strength cements to 
strength of concrete mad(^ of ordinary Portland ctmumts, both haidiig 
water cement ratios of 0.80, by volume, (sm^ Art. 482) it will be fouml that 
in compression tlie ratio of the former to the latter is ap})roximately 3 : 1 
at one day, 2.5 ; 1 at 3 days, and 2 : 1 at 7 days. In flexure, the concrete 
made of high-early-strength Portland cement and 7e/c = 0.8 is approxi¬ 
mately twic(^ as strong at ages of 1 to 3 days as that made of ordinary 
Portland cement. For further data on properties see Art. 356. 

Since high-earl 3 ^-strt'ngth Portland cements usually cost 40 to 50 per 
cent more than ordinary Portlands, they are economically used when a high 
strc'ngth is wanted at 1 or 2 days. When 3 days or more curing can be 
permitted, rich mixes of Portland cement will usually give the requijtnl 
strt'ngih at le.ss cost. 

Over 4,l()v),Cv 0 bbl. of high-cairly-strengtli-cements were producc'd in 
this country in l!),‘i7. The value at the mill was $1.86 })er barrel. 

372. Blended Cements.—A blended cement is the impalpable powder 
obtaincal by mixing Porilaud cement wdth more* 1 ban tme per cent of an 
admixture, other than a retardant, for the purpose of altiu’ing the normal 
propertit's of tin' Portland cement. Mixing is preferably ilone prior to 
grinding of tlu' clinker. Thert' an^ four vMrietir\s of admixtures usi'd in 
making blended ct'inents: (a) pu/znhinic material; iruu’t silicious sands 
or rocks; (e) naturid ci'ini'iit or lime; (d) acc(‘l(‘rati)rs, rf'tarrlers, plasti¬ 
cizers, and wat('rproofing materials. Of thi'st' the first and secmiil have 
been used U^ a cnrisidivrable exti'iit in mariiu' structures abroail and to 
some ('xtent for dams and other hydraulic constructions in this country. 
These two types are high silica c(‘im'jits with low heats of hydration and 
rc'latively high ri'sistanct' to the action of alkali or sea watt'r. 

373. Portland-puzzolan cement is made usually by inter-grinding about 
30 per cent of puzzolanic material wdth 70 per cf*nt of Portland ceimmt 
clinker. Puzzolan is a corruption of the Italian p[)zzuf)lana, signifying a 
volcanic ash. Although not cementitious by iistdf, a puzzolan carries a 
t,ype of silicious material which when finely ground will combine with lime 
in the presenci' of water anti form stable compt^unds. Tht' more important 
puzzolanic materials ft)untl in nature are volcanic ash and its derivatives, 
I)umicite, tulT, and trass; diatomaceous earths and shales; ct'rtain silicious 
rocks. Among tht' artificial puzzolans are burnt'tl clay, slag, and the very 
liiif'ly dividetl fly ash from the burning of powderi'd coal. 

The Los Angelt's Aquetluct was built of coiicrett' made with cement 
ct)ntaining equal parts of Portland ct'inent anti tuff. "J'he luff was con¬ 
solidated piiiniceous rock approximating 70 per cent silica, 12 to 11 per cent 
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alumina, and smaller amounts of iron oxide, lime, magnesia, and alkalies. 
Since this cement was prepared by grinding the pulverized tuff with the 
Portland cement to a fineness of 90 per cent passing a No. 200 sieve, the 
finished product was much finer than normal Portland cements of that 
period. This cement produced 1:2:4 concrete somewhat slower in 
hardening than those made of the Portland cement, but eventually acquired 
80 per cent of the strength of similar mixes of Portland. Concrete of this 
cement was very impervious and showed little shrinkage. 

On the Arrowrock, Elephant Butte, and Lahontan Dams, Portland 
cements interground with equal parts of sand or silicious rock of low 
puzzolanic activity were used with satisfactory results. 

In the recent constructions of the Bonneville Dam and the Golden 
Gate Bridge Piers, Portland-puzzolan cements were used after exhaustive 
investigations * by R. E. Davis of the University of California and the 
U. S. Bureau of Reclamation under J. L. Savage. Of the four common 
types of Portland cement, Davis tests indicated that a high-lime clinker 
is the best for making these blended cements. Considering grindability 
of clinker, strength of concrete, and resistance to sodium sulphate attack, 
the diatomaceous silicas were the most desirable puzzolans, especially if 
calcined at 1450° F. prior to blending; but mortars of these cements con¬ 
tract more than those of normal Portlands on drying. The mortars made 
with cements containing volcanic silicas exhibited less contraction on dry¬ 
ing, but were somewhat less strong and resistant to sulphate attack. 
The mortars made of cements containing silicious rock as puzzolan had low 
contractions on drying but were considerably lower in strength and sulphate 
resistance. Also the clinker of these latter cements was harder to grind. 
In general, the Portland-puzzolan cement concretes exhibited less separa¬ 
tion of water after standing in molds and higher impermeability than 
concretes of the Portland cement. The reduction in heat of hydration of 
Portland-puzzolan cements is roughly proportional to the percentage of 
puzzolan. With 30 per cent of puzzolan the heat of hydration is about the 
same as for low-heat Portlands. Portland-puzzolans made with diato¬ 
maceous silicas, volcanic silicas, or limestone are more resistant to sodium 
sulphate action than the corresponding Portland cements. The plastic 
deformation of Portland-puzzolan cement mortars under sustained loads 
is somewhat greater than that of corresponding Portland cement mortars. 

Davis^ tests on Portland cement blended wdth fly ash indicate that the 
latter when containing less than 10 per cent of carbon has excellent puzzo¬ 
lanic properties. 

A comparison * of the properties of concretes made with a high-grade 

*8015 JiiuT. Am. Cone, /mf., March-ApriJ, 1934, p, 369; Septembor-October, 1935, 
p. 80; May-June, 1937, p. 577Crmfn^.s/or MConcretp, Bureau of Roclamation. 

* From 1938 thesis by G. W. Washa, Ph.D., at Univ. of Wisconsin. 
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commercial Portland-puzzolan, No. 4, and others made with different 
types of Portland cement is shown in Fig. 3. Test ages were 28 days. 

In England and in Germany blast furnace slag has been used consider¬ 
ably interground with Portland cement to form Portland blast-furnace 
cement and Eiscn Portland cement. The British Portland blast-furnace 



Fia. 3.—The Effects of Different Types of Cement on the Strength and Watertightneas 
of Gravel Concrete Placed by Hand; Also by an Internal Vibrator (Washa). 


cement meets the physical test requirements of their standard Portlands 
but has a lower heat of hydration and high resistance to sulphate attack. 
The use of these cements in general building construction as well as in 
marine work appears to be on the increase in those countries. 

374. Portland Cement Blended with Natural Cement.— Within the 
past decade the use of this blend has been revived to some extent. Tests 
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were inatle at Purdue University on all the more important properties of 
concrete containing a given brand of normal Portland ceinent and the 
same cement bhunled with 25 per ctmt of natural ct*ment. In strength and 
elasticity the concretes of normal cement were slightly superior; but in 
plastic flow, resistanci' to fatigue, and in low heat of hydration the blendc^d 
cement concretes w(‘rr‘ somi'what better. 

In New York Stiit(‘ Portland cements blended with 14 to 28 pt^r cent of 
natural cement havti betui us(‘d in concretes pavements, on account of the 
superior resistance of conend.e so made to the attack of salt used in sanding 
ice-covered pavements in thi‘ winter.* 

376. Puzzolan Cements. —Since the beginning of the Christian era the 
Italians have successfully employed puzzolan cennuit for various kinds of 
construction. This cement is mail(‘ by grinding two to four parts of 
puzzolana with one part of hydrated liinc-f Besidt^s j)uzzolana, granulated 
slag, trass, or tuff may bt* used. Wlnm granulatial slag is (anployed, thii 
product is oftt^n call(‘d slag cement. In 1937 two Alabama plants madi^ 
from slag and lime all the puzzolan cement produced in the Uniltal States. 

376. Properties of Slag Cement. —Slag cement may be recognized by 
its fretulom frt)m grit, the extreme fiIum(^ss to which it is ground, and its 
lilac color. When a fractured surface of hardened inait pasti‘ is <"xposed 
to th(‘ air, its color gradually turns from a bluish green to whit(^, owing to 
the oxidation of th(‘ sulphidt^s present in tln^ slag. When freshly made, 
slag tx'inent s(‘ls in abmit tln‘ sam(‘ time as Portland caaiuait but hardens 
much mor(‘ slowly. If th(‘ slag ctanent is old, the effc‘ct of th(‘ caustic soda, 
which is atlded to accel(‘rate the set, disappears and tin' cenumt becomes 
very sh)w-st‘tting. Slag cements require 2 to 4 piu’ cent li‘ss waiter than 
Portland cement t o form pastes of normal consist(*ncy. In specific gravity, 
slag cements vary from 2.7 to 2.9. The proportions of the clnnnical 
elements in tlu\s(‘ puzzolans range about as follows: Cat), 15 55 per cent; 
SiO^, 27- 30 per cent ; ABOa, 10 14 per cent: Pe20;i< 2 per cent ; Alg0<4 
per cent; (,^aS<3 per cent. Most of the Ainerican slag cements have a 
lime ratio between 1.0 and 1.3. 

The compressive stri'iigths of rich mixes made from slag cement are 
less than thos(^ of similar Portland cement mixes. In lean proportions, 
however, the differences in strength are not so great. Mortars of puzzoljin 
ceintuits are tough but have little resistance to attrition. Accortling to 
the report of thi^ United States Army lilngineers J puzzolan cement mortars 
and concrett's should not be used where the.y will be continually exposed to 
the air since such exposure produces disintegration by oxidation of th 

e 

* Spi! \V. F. Kellprmnn rinrl 1). G. Rnrnpr, Pror. A Vol. 38, Pt. 2, p 

t In thp .‘icl tiiiK iind hardening of Ihcsp eenients, it is probable that the mainlS, 
tions are siiniliir to those (lispussrd in Art. 330 aiirl 373. 

X Eiigr. NewSj Vol. 40, p. 180. 



MISCELLANEOUS CEMENTS 


357 


sulphides in the slag. Inasmuch as these cements possess hydraulic 
properties and are highly silicious, they are commonly believed to be less 
affected by sea water than Portland cements. * 

377. Masonry cements are used in laying brick, tile, concrete block, 
stone, or other masonry units. In 1934 Rogers and Blaine, of the United 
States Bureau of Standards, reported (Ne.s‘earch Paper TJfi) on the proper- 
ticis of 41 commercial masonry cements then marketed in t he United States. 
These cements were of the following types: 7 largely Portland; 8 Portland 
and hydrated lime mixtures; 10 Portland mixed with unidenlificd plas¬ 
ticizing material—probably limestone dust or silicious material; 2 mix¬ 
tures of Portland and natural cements; 4 natural ct'inents; 0 conijiiniiig 
large amounts of slag; 2 hydrated or hydraulic limes; and 2 not idruitified. 
About half these cements contained water-reptdlent additions of p(44’oleum 
products or fatty acid derivatives. These water repellents increjised water 
tightness and resistance to freezing but caused more air to be entrapped 
in the mortars, and thus increased yield. Some conception of the vari¬ 
ability and desirability of standardizing these cements may bi' had from 
the range observed in the following properties: 

Specific weight, 40-90 Ib./ft.*^ (rodded). 

Water retentivity of 1 ; 3 mortar aft er 1 min. suction, 53 to 98 p(‘r cent. 
Shrinkage during first 24 hours, 0.087 to 0.585 pc'r cent. 

Compressive strength of 1 : 3 mortar at 2tS days, 50 to 3650 Ib./in.^ 
(13 cements were below 300 Ib./in.- and 22 below 600 lb./in.“) 

Only 16 of the 41 masonry cements showetl higli rf\sistance to freezing 
and thawing by with.standing over 250 cycles, whereas 16 withstood 
10, or fewer, cycles. 

Such cements should pass the steam pat test for soundness (Art. 419); 
should not take initial set within 1 hr. and should acquire' final si't in 48 hr. 
The compressive strength of thn'e 2-in. cubes of 1 : 3 mortar of standard 
sand made with a flow of 65 to 80 per cent after twenty-fiv(‘ J-in. drops in 
15 sec. should average 350 lb./in.- or more at 7 days and 600 lb./in.- or 
more at 28 days. The same tjqje of mortar made with an initial flow of 
100 to 115 should have a flow greater than 65 per cent of the initial value 
after being subject for 1 min. to a suction of 2 in. of mercury. Mortars 
of such cements should not shrink or expand unduly in hardening, should 
spread easily under the trowel, should bond well to the masonry, should be 
Murable, and should not effloresce or .stain masonry (see A.S.T.M., Des. 
^^l-38T). 

'■7B. High alumina cement is an hydraulic cement of recent introduc- 
^oo the American market, but it has been used commercially in France 
.'e 1910. It consists essentially of alumina (AI2O3) 40.0, lime (CaO) 
^ • For further results see tests by W. K. Hatt, Engr. New&^ Vol. 45, p. 164. 



358 


NATURAL AND OTHER HYDRAULIC CEMENTS 


40.0, iron oxides 15.0, and silica, magnesia, insoluble material, etc., 5.0 per 
cent. It is manufactured from limestone and bauxite, either by the dry 
process used in making Portland cement or by fusion in an electric furnace. 
The American product Lumnite cement is much darker colored than 
Portland cement. 

High alumina cement is more finely ground than Portland, 5 to 8 
per cent being held on a 200-mesh sieve. It acquires initial set a bit more 
slowly and hardens much more rapidly and with a greater evolution of 
heat than Portland cement. In order to obtain best results it is necessary 
to flood the work in which Lumnite is used with water, or wet it frequently, 
after final set has occurred. If the flooding is done too soon or the sur¬ 
rounding atmosphere becomes too dry, a weak, scaly surface forms on 
the work. Strengtlis of Lumnite cement mixes wet-cured for 24 hours at 
room temi)erature are somewhat higher than the strengths of similar 
mixes of Portland cement at 28 days. Owing to the high temperatures 
generated in hardening, Lumnite cement mixes are less sensitive to cold 
temperatures than Portland cement mixes. Mortars of Lumnite cured in a 
dry atmosphere contract about as much as similar Portland mixes, but in 
moi.st atmosphere they expand more than do Portland mortars. 

Owing to the high cost of bauxite, this cement is three to four times as 
costly as Portland cement. However, on account of its remarkable early 
strength, a saving in forms and earlier availability of construction attends 
its use. Another advantage claimed for this cement is its superior resist¬ 
ance to sea water and sulphate-bearing waters. 
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LIMES AND I’LASTERS 
LIMES 

379. Quicklime. —Pure lime, generally called quickliinr, is a white 
oxide of calcium. Much of the commercial (juieklime, however, con¬ 
tains more or less magnesian oxide, which givt's tlie product a brownish or 
grayish tinge. Quicklime slakes when mixed with water. The specific 
gravity of pure lime is about 3.40. 

Essentially, the process of making lime consists in healing calcite 
(CaCOg), or magnesian limestone (xCaC()3)+7/Mg(X);i, to a ItMviperature 
sufficiently high to drive off the carbon dioxide (CO 2 ). I^or pure lime car¬ 
bonate the temperature at which such dissociation takes plac(^ is approxi¬ 
mately 900° C. Since a considerable length of time is required to calcine 
limestone at such temperatures, it has been found good practict^ in opi'rat- 
ing kilns to use higher temperatures, depending upon the charaetiu- of the 
impurities of the stone. However, to avoid burning, which seriously injures 
the setting properties, high magnesian limes should not be subjectinl to t(?m- 
peratures above 1000° C. and high-calcium limes sliould be burnt at tem¬ 
peratures lower than 1300° C.* 

Under Serial Designation C 51-28 and C 5~2(), the A.S.T.M. f recom¬ 
mends that quicklime be classified as follows: 

[1] Size: (a) Lump Lime, (f>) Lump Lime Screened, (r) Pulverized Lime. 

[2] Chemical composition; (a) Calcium Lime, (6) Magnesium Lime. 

The principal requirements are given in the table on the next page. 

380. Burning of Lime. —Limestone is usually burnt in some form of 
vertical kiln. The raw material is fed in at the top and the finished product 
drawn off through an opening in the side near the bottom. In general 
the stacks of these kilns consist of cylindrical steel shells lined wdth refrac¬ 
tory brick. Kilns may be operated continuously or intermittently. To 
secure the greatest efficiency continuous operation is imperative. The 
common types of kiln are the mixed-feed and separate-feed kilns. In the 
mixed-feed type, bituminous coal and limestone are fed into the top of 

* Trans. American Ceramic Society, VdI. 13, p. 618, article on burning of limestones 
by A. V. Bleininger and W. E. Emley. 

t See A.S.TM. Standards for the^ecifications. 

369 
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CLASSIFICATION OF QUICKLIMES (A.S.T.M.) 


Lump Lime; Quicklime aa it 
comes from the kilns. 

Lump Lime iScrecned; Lump lime 
after forking or screening to 
remove the finer portion. 

Notjc. —The portion removecl is 
usually thiit which will pass a 
i-in. sieve. 

Pulverized Lime; Quicklime which 
will pass a fine sieve of specified 
size. 

Note.—T he size of the sieve is 
usualb*^ i in. 


kiln in Mlternati' layors; in the separate-feed type, the limestone is not 

brought into contact with the fuel during 
the burning process. To accomplish this 
the fuel is burned in a grate which is attached 
to the sides of the kiln (see Fig. 1), and 
which is so arrangtal that the heat produced 
will ascend into the stack. The majority 
of the separate-feed kilns burn coal, some 
wood and a few producer gas. The mixed- 
feed kiln is more economical of fuel but 
does not produce as high-grade product as 
the separate-feed kiln. Most American con¬ 
cerns now use the separate-f(‘ed kiln to 
burn lime. Long rotary kilns similar to 
those used in burning Portland cement have 
been installed in some lime-burning plants. 

381. Production Statistics.—Lime is 
made in nearly all of the United States. 
Leaders in production are Ohio, Pennsyl¬ 
vania, Missouri, and West Virginia. The 
total output for the country is about 4,000,000 
short tons, with an average value of approx¬ 
imately $7 per ton. About one-third of the 
lime produced is sold in hydrated form, 
about one-half is used in chemical and metal¬ 
lurgical operations, one-fourth in building 
construction, and the remainder is used 
largely for fertilizer, 
y 382. The Slaking and Hardening of Lime.—The mixing of 56 parts of 
pure quicklime with 18 parts of water, by weight, causes considerable 
evolution of heat and an increase of nearly 100 per cent in absolute volume 
in forming calcium hydroxide, Ca(0H)2. To avoid burning and to promote 



Pig. 1.—A Srjr.LrMii^ Kt'y- 
Lime Kiln. 
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workable pastes, masons usually slake limes with 1J to 2 times as much 
water as lime. Slaking proceeds best at temperatures near the boiling 
point of water, but care should be taken to avoid overheating as evidenced 
by the issuance of jets of steam. Ijinies from coarse-grained stone, lump 
limes, and pulverized limes usually slake rapidly; limes froju fine-grained 
stones, and dense lumpy limes usually slake slowly. Overburning or 
underburning of the limestone causes the lime to slake more slowly and 
injun's the mortar strength. ^\ith rapid-slaking limes (slnuving decrepi¬ 
tation and marked evolution of heat within 5 iTiinutes) it is bf\st in slak¬ 
ing to add the lime to the ^vater and keep the lime covered with water, 
thus avoiding overheating. With slower-slaking limes the watvi should 
L)(^ added to the lime in amounts sufficient to promote a vigorous rt'action 
without, the formation of steam jets. In order to avoid popping ol plaster 
and undue (expansion in masonry mortars subjectial to moistun^, the lime 
and most of the magnesia should be hydrated. Since latter hydiiitr's 
at ordinary temperatures much more slowly than the formir*, dolomitic 
and high magnesian limes will require a longer time to hyilrate ihan the 
high-calcium limes. By maintaining the tempir-atuie of tln^ liat.ch at 
180° F. trther can be hydrated in a couple of tlays. If the liatcli is allowial 
to cool down to room temperaUirt* in 6 or 8 hours, thim it may reeiuire a 
week or two to hyelrate 80 per cent of the magiursia in a dolomitic lime. 

In construction, both tht‘ shrinkage and thr^ cost of lime mortars are 
much reduced by adding 4 or 5 v()lum(\s of sand to 1 volume of linu' putty. 

In the hydrating of linu‘, part of the cidcium hydroxiile crystallizes 
and part forms colloids. These components secure a certain amount of 
rigidity through evaporatioii ami aI)sorption of the surplus waliu* by the 
surrounding masonry. Final hardening is attained, however, through 
d(‘siccation of the water and replacement by carbon ilioxiile from the air. 
Thus the paste is slowly converted into a carbonate of afiproxirnately the 
same compo.sition as the original liiiieslom\ Owing to the inaccessibility 
of the interior of a masonry joint, this hardening action progresses very 
slowdy and, if tlu^ wall is thick, may take years for its completion. 

When stored in air, quicklime soon decrepitates bi'cause of the absorp¬ 
tion of moisturii and carbon dioxide and is in time reduci'd to lime car¬ 
bonate. Therefore, in order to preserve its hardening powder, quicklime 
must be stored in tight containers. Since ground lime keeps better than 
lump lime, ground lime can be shipped in open cars, although ground lime 
for construction is commonly shipped in paper sacks of 67-lb. capacity. 

There are two methods of marketing lime designed to overcome the 
imperfections of job slaking. In a number of metropolitan areas, plants 
with specially equipped slakcrs, tanks, and trucks can supply properly 
hydrated putty in desired quantities. Hydrated liirie in powder form is 
also available. 
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383. Hydrated Lime.—When quicklime is finely crushed, slaked with 
a niiiiiinuTn amount of water, and screened or ground to form a fine homo- 
genfM)us powjler, the product is called hydrated lime. If the lime from 
which it is made is purt^, hydrated lime is a white powder having a specific 
gravity of 2.08; the specific gravity of some dolomitic hydrates may reach 
2.40, ddie magnesia of dolomitic hydrates may not be hydrated owing to 
insufficient time and temperature used in hydrating. Unltjss presoaked, 
mortars made of the hydrates are less plastic than those made of the putties. 
Hydrated lime is sold in paper bags of 50-lb. capacity or in 100-lb. burlap 
or cloth sacks. In such containers it may be stored for a much longer 
time than lump lime without serious deterioration. 

' 3B4. Testing of Limes.—The A.S.T.M. tentative specifications for 
structuriil lime specify cc^rtain tests in addition to chemical analysis. A 
fineiu'ss t(\st on lime is rt^cornmended to determine the percentage of inert 
matr'rial in tiie product. For this test a representative 5-lb. sample of 
lime broken t-o pass a J-in. sieve, is carefully slaked with sufficient water 
to form the maximum amount of lime putty, care being taken to avoid 
drowning or burning. After standing for twimty-four hours the paste is 
wasluul tlirough a 20-mesli sieve. The stream of water should flow under 
mod(‘rate prf'.ssure and rubbing of the mat(‘rial through the screen should 
b(‘ avoidtal. Not more than 15 per cent of a ground lime or slaked lime 
should remain on the si(*ve. 

Less than 15 pf‘r ctait of a commercial hydrate of lime should be retained 
on a 200 sieve; after 30 min. washing of a 100-gram sample with water. 
IVlethoils are also specified for soundness t(‘sts and for estimating the con- 
sisif'iicy of mortars in the A.S.T.M. Standards. The autoclave test pro- 
vidi'S a simple melhod for determining the completeness of hydration. 

Tensil(‘ strtmgth tests of lime mortar briquets are also sometimes made. 
When conipressii)!! or transverse tests are made it is necessary to specify 
a certMin size of ti'st-piece, since the rate of carbonation is affected by the 
thickness of tlu' spi'cimen. Large cubes luive lesser strengths than small 
oin*s. 

Till' yield or volume of lime pa.ste which can be made from a given 
weight of lime is an important factor in estimating the quantity of lime 
requireil to make a given amount of mortar. The test can be made in 
Alie. same manner as indicated in Art. 451, Ch. XII. 

\ 3B5. Properties of Lime.—From a long series of experiments on the 
'strength of lime-mortars made at low^a State College the results shown in 
Table 1 have been derived. For some unknown reason the strength of 
these mortars was somewhat greater at nine months than at one year, 
although tlie carbonation process was still incomplete at the end of a year. 
In general the greater strengths were obtained with the lower percentages 
of water and sand. The hardening of the calcium limes was more uniform 
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and rapid than that of the magnesian limes, but the latter exhibited higher 
stveiigths.* 

TABLE 1—RESULTS OF TENSILE TESTS OF LIME-MORTAR BRIQUETTES 
MADE AT IOWA STATE COLLEGE IN 1907 
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* A river sand iiasaing a No. 20 und hold on a No. 30 sieve was used in all teslH. 
t Calnulatod in terms of the weight ul the dry hydrate. 
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Analyses of Limes 
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Compressive tests by W. E. Einley and S. E. Young, of the Bureau of 
Standards Laboratory, show that the size of the sand grains has a pro¬ 
nounced effect upon the strength of lime mortar, t The tests were made 
upon 2-m. cubes of 1 part quicklime to 3| parts sand, by weight. The 
age at breaking was ninety days. The results of these tests appear in 
Table 2b. It should be noted that the mortars of fine sand gave the high- 

* For further data see Bulletin No. 1, Vol. 4, Engineering Experiment Station, Iowa 
State College, Ames, Iowa; Report of Chief EnQineers, U. S. A., 1896, Ft. 5, p. 2839; 
Bulletin No. 4, Ohio Geol. Survey; Proc. AS.T.M.f Vol. 10, p. 328-40; also Vol. 14^ 
p. 339. 

t Reported in Proz. A.S.T.M.^ Vol. 14, p. 346. 
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rst strrngth^ a condition which does not hold true in mortars made ot 
hydraulic cements. Probably the loss in strength due to the lack of den¬ 
sity in the fine-sand pastes is offset by the complete carbonation which is 
obtained on account of their porous structure. 

The effect of the propoi tion of sand on the compressive strength of 
lime pastes is also sliown in Table 2. 


TABLE 2 -TITE VARIATION IN THE COMPRESSIVE STRENGTH OF LIME 
WITH (a) AMOUNT OF SAND AND (6) SIZE OF SAND GRAINS 
(Tests by Emley and Young) 

Each rasiilt is averaged from 3 tests. 
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High-calcium limes expand more in slaking and shrink more in setting 
than the magnesian limes. They are also more liable to injury through 
“buining” in slaking. When completely hydrated the dolomitic limes 
product' stronger mortars and as smoothly under the trowel. 

386. The Uses of Lime.—In construction, slaked lime is chiefly used to 
maki^ mortar for laying brick and stone masonry and for plastering walls 
of biiihlings. Wlu'ii so used, quicklime should be completely hjalrated 
by slaking from 3 to 11 days, dt'pending upon the kind of lime, temperature, 
and slaking coiulilions. llydratc'd lime, although immediately usable, 
is usually improvi'il by soaking overnight or longer. Hydrated limes are 
oft I'll added t i) Portland ceini'iit mortars in proportions varying from 5 to 
tSo per cent of the wi ight of the cement. This is done to increase plasticity 
and workability. In order to avoid excessive expansion, it is not advisable 
to incorporate mort' than 10 per cent of dolomitic hydrate in such mortars 
if they are tn be subjecti'd to moist conditions, unless the magnesia in the 
lime is known to be hydrated, or has been hydrated by presoaking for two 
[)r three weeks. Hyilrated lime is used also in making the pojndar stucco 
finish for exterior walls * and to increase the iinperviousness of Portland 
cement concrete (see Art. 533). 

* 8(‘[‘ specifications for Portlaiiil Cement Stucco, Proc, A.A.C.I/., Vol. 7, p. 586. 
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387. Hydraulic Lime.—In the middle of the eighteenth century 
John Sineaton, the celebrated English engineer, w:us confronted with the 
lu’oblem of finding a cement which could l)e used in the coJistructior of 
the famous Eddystone Lighthouse. The only ceineiiting inateriid then 
in use was quicklimej which does not harden under water. Aftta* a series 
of experiments he discovered that an impure limestone containing a small 
amount of clay, if calcined in the ordinary way, would j)i’oduce a lime 
which would slake upon the addition of water and would harden under 
water. On account of the latter property the rianu* hydraulic lime was 
given to this material. In Trance and southern Eui'f)i)e it is still used to 
a considerable extent. On account of the prevalence of raw uietejials 
suitable for the manufacture of Tortland and i\atural cements no b^alraiilic 
lime is manufactured in the United States. Howevr'r, Lafarge cement, 
a by-product in the manufacture of hydraulic hint*, is used considerably 
in this country. 

Hydraulic lime is manufactured in the same way as fiuirklime, although 
a somewhat higher temperature is riajuirtal in burning. In slaking, con¬ 
siderable care is required to provide just sufhcienl wafta* and no excess, 
since an excess would cause the lime lo hardt'n. Aftrr slaking, tht' coarse 
material is screened out and tlu' fiiit^ iirotluet bagged for markel. Tin* 
coarse particies are finely ground and sold for Orappit'r cianent. d'lii' sja*- 
cific gravity of hydraulic lime is abtmt the same as tlial of the natural 
cement. Mortars made from the famous limes of 'Tiel, Tianet*, also have 
about the same strength as those made from natural eenuait. 

* 388. Lafarge Cement.—This eeiuent is iiseil in Ami'riea for stui*eo 
work and in laying marV)le and ollu‘r inasonry which is stained by natural 
or Portland cement mortars. It is a (happier ceuuait made as iudicateu 
above. Published analyses show it cuiisi.sts jiriueijially of lime (5S 59 
per cent) and silica (27 31 per cent) with 2.0 to d.5 pia- eent of alumiiia 
and smaller percentages of iron oxidt*, niagnesia and the alkalies. Accord¬ 
ing to the manufacturers’ circular * this (aauerit has a specific gravity of 
2.0, an initial set in 4 hours, final set in 10 hoius, anti a residiu? on 100- 
mesh sieve of 0.6 per cent. Its strength neat and in a 1 : 2 mortar is 
about 60 per cent of that demanded of a sfandard l^irtland cement at 7 
and 28 days. At two yeais the record gives a neat strength of 665 lb. 
per square inch. 

GYPSUM PLASTERS 

389. Introduction.—On account of the wide use of gypsum plasters 
in the arts and in building coiistnudion a brief resume of some important 
facts concerning them will be given. In the United States plaster of 
Paris, stucco, wall plaster, and hard finish plaster are extensively used in 

* Eckel’s Csments, Limes and Plasters^ p. 1S9. 
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Willi construction. In Germany flooring-plaster, made by calcining gyp¬ 
sum at a high temperature, has been considerably used. In all of these 
I)o\vders, gypsum in a more or less dehydrated state is the essential element. 
When water is added to these substances they become rehydrated form¬ 
ing compounds similar to those existing before calcination. 

390. Gypsum.—There are two commercial varieties of crude g^^psum, 
rock gypsum and gypsum earth or gypsite. These substances consist 
principally of a hydrous sulphate of lime (CaS 0 i+ 2 H 20 ), with varying 
perc(‘ntages of silica, carl)onate of lime, carbonate of nuignesia, and iron 
□xifie. l?ur(‘ gypsum is a white translucent crystalline mineral, so soft 
that it can be scratched with the finger-nail. When heated to 400° F,, 
piir(‘ gyjisum loses its luster and its specific gravity is increased from 2.3 
to ajipruximately 2.95 due to the loss of water of crystallization. 

Deposits of g 3 "psum are numerous and widely scattered. The rock 
deposits o(‘cur in beds commonly traversed by thin strata of limestone 
and ofttvn adjaci'iit to rock-salt deposits, (lyiisite formations consist 
of massi's of gypsum crystals interspersed witli clay and sand. The states 
heading in tlie production of gypsum are New York, Iowa, Michigan, Texas, 
California, Nevada, and Oklahoma. Among the countries of the world the 
I riited Stattis ranks first and produces about two-fifths of the total supply. 
rh(^ vahu‘ of the 3,058,166 short tons of crude gypsum produced in the 
llnit(‘d States in 1937 was $4,782,503. Of the quantity obtained in this 
country, about iwo-thirds is calcined and made into plasters; approxi- 
r.::it(‘ly luu'-fuurth is sold in crude state to Portland cement manufacturers. 

'391. Manufacture of Plasters.—For making the refined grades of 
pliisier of Paris in ^\hich a uniform degree of calcination is requirtal the 
(jveii })rocf‘ss is mucli used in Europe. In this country, however, on ac¬ 
count of (‘xpense and time required, this method has been discarded in 
favor of (he kettle and rotary piocess, the former being used in nearly 
all plants making plaster of Paris or cement plaster. Hard finish plasters 
are made in kilns similar to the mixed-feed kilns used in calcining lime. 

Afti*r the raw material has been excavated or mined it is put through 
on(‘ or more crushers, and if the kettle process is used, is then ground by 
bnhr-stones or like mills until about 60 per cent will pass a No. 100 sieve. 
In tlie rotary process the final pulverization is enutted until calcination 
is completed. 

The kettles employed for calcination are 8 or 10 feet in diameter and 
about 6 or 7 feid high. The sides arc made of sheet steel and the bottoms 
of cast iron. Each kettle is placed Avith its top just aboA^e the Avorking 
floor. The 1o\a er portion of the kettle is enclosed in a masonry chamber 
which serAa‘s to support the kettle and distribute the heat from the grate 
fire about it. Two or four horizontal flues running through the kettle 
increase the circulation of heat. A poAAer-driven stirrer is used to agitate 
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the contents of the kettle and thus prevent the bottnius from burning out, 
Ihe hot gases and steam are led av ay through a slnek. 

After the pulverized material has been eluded into a kettle, heat is 
verv^ slowly applied until the meehanieally held watei' is driviai off. At a 
temperature just above the boiling-point of water the whole mass Inibbh's 
up violently and then sinks. At 200° F. the eombiiunl water br'gins to 
boil out and between 340° and 300° F. the process is stopped. 41ie impure 
gypsites generally require a higher tempei-atiire than tlu* pur(a* rock 
gj^psums. In many plants the final temiierature is judged by thi' apj)ear- 
anee of the boil, although thermometers are often used in makifig })Iaster 
of Paris. 

By the kettle process, it reiiuires about two or thrta' hours h /ah iiu' a 
charge yielding 5 or 6 tons. The calcined prodiu t is then run from the 
bottom of the kettle into a cooling vat, whence, after partially cooling, it 
is sent to the screens. Residu(\s from the screens ari^ reground ; the Inu's 
are stored in large bins. 

In the rotary jirocess the raw material is crushed !n ]iass a 1-in. mesh 
and is then fed into the upper end of a cylinder wliich ro(ir((‘s al>out nn 
axis slightly inclined to the horizontal. C^alcination is act'onqdishi^d Ijy 
the introduction of hot furnace gas, the temperature of which can Ik* 
regulated hy an admixture of a forced draught of air. Wla'ii i)ro])erly 
roasted the material is conveyed to brick-liiaal calcining vats in Avhich 
further changes are brought about liy the lu*at withiji the malt ihd. Tlu; 
product from the vats is then finely ground and screened. ('tad inuous 
operation is the main advantage which tins proct'ss posst'ssi*s over tlu* 
kettle process. 

In ordei’ that the workman may properly liandh* plastt'r of l^aiis or 
stucco, it is necessary to delay the time of setting. 44iis is accomplished 
by adding a fraction of one per cent of a retardant like glue, sawdust or 
blood after the plaster has cooled. 

To increase tlie cohcsiveness of wall plaster, eallle hidr or wauid filter is 
introduced. For this purpose altout 2 or 3 lb. of fiiu'ly picked ha.ir or 1)0 
to 100 lb. of finely pulverized wood fiber is athh'd to t‘ach tun oi jilast er. 

Wall plasters made from pure raw materials are geiu*rally adulterated 
wdth 15 to 20 per C(‘nt of hydrat(‘d lime to iner(*ase the plastieily of tlie 
product. The term ^‘stucco" is sometimes applied to a plaslur so treated. 
Wall plasters made from raw materials containing considerabh* clay do 
not require such addition. 

Many of the plasters are packed in jute sacks holding TOO lb. raxch. 
Recently a considerable effort lias been made to further tlui use of paper 
sacks, thus obviating the traffic in empty jute bags, which is a considerable 
nuisance and expense. 

392. Plaster of Paris.—Plaster of Paris is produced by incompletely 
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dehydrating pure, finely ground gypsum at a temperature somewhat less 
than 370° F. Most plasters closely approach the theoretical composition 
—CaS04+^H20—which contains about 6.2 per cent of water. Plaster 
of Paris is a white powder having a specific gravity of 2.57. When tem¬ 
pered with sufficient water to form a plastic paste it sets in 5 to 10 min. 

Tlu' setting of plaster of Paris is attributed to the formation of gypsum 
crystals from a supersaturated aqueous solution. Why the rapidity of 
setting is so very much greater when the powder consists of plaster of 
Paris than when it consists of anhydrous gypsum plus water is a point not 
yet settled. When substances of a colloidal nature (glue for example) 
are mixed with the plaster the formation of crystals is hindered and the 
time of set retarded. 

In hardening, plaster of Paris first shrinks and then expands. The 
latter property makes the material valuable in making casts, since a sharp 
impression of the mold can be secured. Owing to the rapidity of set and 
difficulty in working, its use in structures is limited to ornamental work. 

393. Gypsum Wall Plasters are divided into four classes* as follows: 
iiy'pmmi nmi plader consists of 60.5 per cent or more calcined gypsum, the 
remaindt'r being material addiul at the mill for ci)ntrr)]ling workability, 
time of set, and coht‘siventvss. C'alciinal gypsum signifies commercial 
plaster of Paris, CaS04+lH20. Gypsum unml-fihered plmier carries 60.5 
per ci'iit or more by weight of calcined gypsum, 1 per cent or more of wood 
fiber to increase the cohesiveness, and other materials to control workability 
and time of set. Cakined gypsum for finishing coat, which may or may 
not carry a retardant, is divided into two grades, “white’^ and ^'gray.'^ 
Gypsum rendy-sanded plaster consists of a ceiiumting material, prtHlom- 
inantly calcined gypsum, which has been mixed at the mill with the 
proper proportions of sand and other desirable constituents. It is prepared 
for use simply by adding water. The two grades of gypsum reaily-sanded 
plast er are scratch, or first coat, and the browning, or second coat. Scrat ch 
coat ready-sanded plaster contains not over two parts sand by weight to 
one part of cementing material. The cementing material carri(\s at least 
60.5 per cent by weight of calcined gypsum plus other ingredients for 
controlling workability, time of set, and cohesiveness. Second coat 
ready-sanded plaster contains not over three parts sand with the same type 
of cementing material as in first coat ready-santled plaster. 

Specifications of the American Society for Testing Materials require 
that gypsum neat plaster mixotl with 3 parts of standard sand shall set in 
2 to 32 hours and, when mixed with 2 parts of standard sand, shall have a 
tensile strength of not less than 75 lb./in.- at an age of 7 days. Gypsum 
wood-fibered plaster shall set in not less than hours nor more than 8 
hours, and shall develop a tensile strength of 125 Ib./in.^ in seven days. 

* This classification is bused on A.S.T.M, Standards^ Dos. C28-30. 
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Not loss than 60 per cent of the calcined gypsum for finishing coat shall 
pass a 100-inosh sieve; when not retarded it shall set in from 20 to 40 
minutes (when retarded, from 40 minutes to 6 hours); and shall have a 
tensile strength of 200 lb./in,- at seven days. Scratch, or first coat, ready- 
sanded plaster shall set in from to 7 hours, and shall have a tensile 
strength of 75 lb./in.-, while browning, or second coat, ready-samled 
plaster shall set in from 2 to 6 hours, and shall have a tensihi strength of 
50 lb./in.- at 7 da 3 ^s. 

A large number of tests {Rept Iowa Geol Surv., Vol. 12, p. 232) indicate 
that gypsum plastt'rs gain oiK’-half of their one-month strength in a day, 
and gain but little strength after one month. Plaster and sand mortars of 
1 ; 1 proportions may be expected to develop SO per cent of the neat 
strength at corresponding ages, while those of 1 : 2 proportions generally 
possess one-half to two-thirds of the neat strength. CiJinjiressive strength 
of plasters one week old and air cured vary from S87 to 2236 lb./in.- These 
tests also show that the adhesion of plaster mortars to a fract.urt'd surface 
of plaster is approximately two-thirds of the strength of the mortar. 

G^'psum wall plasters have l)ecome quite popular in reciuit yi'ars 
bt'cause they are ready for use wh(‘n brought to the job and also because 
thf‘y hardem more rapidly than do the old(‘r lime j)last(',rs. llowi^ver, lime 
plasters are more plastic and may, therefore, bt loaded with 3 or 4 parts 
of sand, whereas the gypsum plasters can carry only 2 or 3 parts; also, 
when properly slaked, lime plasters form evtaitually just as satisfactory 
walls as those made from cement plasters. 

394. Hard-finish Plasters.—“B.y buriung g^qisum to a considerably 
higher temperaturt' than th(‘ calcining temperaturti of cement plaster, 
treating with certain solutions like alum and (jHauber’s salts, tlnaM'. may be 
produced plasters which set slowly but ultimatidy become vtay hard. 
Such plasters may be polished to form a smooth surface^ and mak(i -a 
very satisfactory finish for interior walls. Often walls of these plasters 
are marked to imitate tiling with ideasing results. 

Keene's cement is made by burning a very purr^ rock g^qjsurn at a red 
heat (1300° F.), cf)oling, and then adding less than one per cent of potassium 
and aluminum sulphate's to accelerate the set. vSubsequently the materird 
is ground so that 90 per cent or more will pass a No. 100 sieve. K(*enc’s 
cement is thus nearly pure calcium sulphate (CaS04) of pure white color. 
It is not injured by storage, and mortars of it may be rctempered. Set 
occurs between 1 and 4 hr. At 7 days the neat tensile strength will usually 
exceed 450 lb./in.-. 

Mack’s cement is made by burning gypsum at a very high temperature 
and adding about 0.4 per cent of burnt Glauber’s salts (Na 2 S 04 ) or potas¬ 
sium sulphate. (K9SO4). It is said to form an unusually hard, dense and 
durable surface which will take paint well. 
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395. Other Gypsum Building Materials, —Blocks and tile made from 
wall iilasler and .suitable for floor and interior wall construction are now 
on Die jnark(*t. Those forms are light, can be easily sawn to desired 
sliaiie, possess sufficient strength for many types of construction and 
JjiLve a liigh resistance to fire.* Mixed with fine cinders or wood chips 
and sufficient water to form a thin consistency, wall plaster has been 
iisfui in making floors for buildings. Such floors can be much more rapidly 
constructed than concrete floors, owing to the rapidity with which the 
plaster Inirdens.t However, they are neither so resistant to fire nor so 
strong as concrt'te floors. 

Another product of recent origin is plaster board. It is made of thin 
layers of cardboard or wood cemented together by wall plaster. Thin 
sher‘ts of this material are used in place of lath; sheets | in. thick, 3 to 4 
ft. wid(', and 6 to 10 ft. long are used in place of lath and plavster. 

Pyrocell is a finely ground gypsum powder containing an admixture 
which, on being mixtal with water, forms a gas and (‘xpiinds the mixture 
to 3 or 4 times its volume. This inflated paste harden.s into a light, cellular, 
fire-resistant mass possessing good acoustical and insulating properties. 

To cap concr(‘t(', brick, and other masonry materials for compression 
tests, gaging plaster, Hydrocal, and Hydrostone may be used. In a 
consist(‘ncy of thick cream they attain the following strengths in 2-in. 
cubes after 2 hours in air: gaging plast(‘r, 1400 Ib./in.^; Hydrocal, a casting 
plastcT, 3500 Ib./in.^'; and Hydrostoiie, a special type of Hydrocal, 
4500 lb./in.-. 

* Si‘i‘ (lypsiiin (IS a Firi’primjing Materinlj by V. G. Marani, Jour. Chvdand Engr. 
SfH'., Vol. 7, p. 213. 

Bulletin No. 25. Public Works of the Navy, January, 1917, 
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METHODS OF TESTING HYDRAULIC CEMENTS 

396. Necessity for Testing Cement. —Experierifi* h;is shown that it is 
practioally impossiblo to make large quanlities of eeiiient witlunit any 
variation in quality. To be sure, some mills working with raw in:iterialvS 
which run very uniformly and using the best of equipment aiul nw'thods of 
operation will have very few unsuccessful burns in a year, wliile otViiMS 
will be less fortunate. Nevertheless the consunun' has little chance of 
ascertaining how his particular carload of cement was inado; theref<)re, 
if he has under way a construction of any iinpojtancr^ lie ouglit to satisfy 
himself regarding the quality of his purchase. He shouht test his eenuait 
not only to see tliat he gets what he has paid for but also to fortAstall the 
possibility of a failure through the use of dcfecti^a' material. 

In engineering construction the main qualifications dianaJided of a 
cement are permammey of structure, strength, and a rate of settling suit¬ 
able to the demands of the woik. To detennirn^ these (|iialificatio/is, 
l)Oth physical and (diemical tests are madi‘, tlu‘ forim'r, on account of 
aiportance, more often than the latter. 

As a result of long experience the physical ti*sts which have come 
into general use in determiiiing the acceptalhlily of cemeni are: (1) 
soundness or constancy of volume, (2) strengUi, (3) time of set or activity, 
iivl (4) fineness. In order that the results of such tests made by diilerfuit 
parties may accord as nearly as possible, it is necessary that a standard 
iiiethod be rigidly adhered to and that only experienced operators, who 
fully appreciate the necessity of eliminating personal eijuation from all 
manipulations, be employed. 

In the fine type of the following sections will bo considered the Standard 
Aletliods of Sampling and Testing Portland Cement of tln^ American 
Society for Testing Materials. For .standard specifications, scu* A.S/1\M. 
Standards. The methods of testing are adapted to any of the hydraulic 
cements with the exception of the accelerated soundness test which is used 
with Portland cements only. The sections of the standard methods will 
be numbered consecutively but wdll be interspersed with comments and 
references to other methods of testing which will appear in large type. 
Since it is only by close observance of standard methods that uniformity 
in testing may obtain, any divergence by the operator should be stated 
with full explanation in reporting the results of tests. 
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STANDARD METHODS OF SAMPLING AND TESTING PORTLAND CEMENT * 

Designation: C 77-37 

'^rhese methods arc issued under the fixed desisutitioii C77; the final number 
indicates the year of original adoption as stanilard nr, in the ease of revision, the year 
of J.'ist revision. 

Adopted, J904- Jssced in Amended Form under Present Designation, 1930; 

Revised, 1932, 1937. 


SAMPLING 


397, A.S.T.M. Method.— 

Size and Number of Samples. - 1. Samples for jiurpose of tests shall wei^li at least 
4 lb. 

2. Test .sa.rnpl(‘s shall be either individual or composite samples, as may be ordered, 
and one lest sample shall represent not more than 300 i)bl., unless otherwise specified 
by t he puri*fias(‘i‘. 

Methods of Sampling. 3. When cement is sami)led in ears, trucks, boats, ware¬ 
houses, etc., one, samj)le shidl lie taken from one sack in each 40 sai'.ks (one sample per 
10 lilil.), and coinljined to form one test, sample. In the case f)f truck samples where 
tlie cemimt is hiung (rucked from one mill, it is permissible to combine the samples from 
sevei'al trucks tf> foirn a test samph' re|)resenting not more than 300 bbl. When sam¬ 
pling bulk shijanents, representative samples shall be taken from well distrilmted 
pfiints. 

4. The cement, rn;iy be s.-irnpled at liulk storage points by any of the following 
methods: 

(ri) Fro})i Uir Conrri/or Di liming to Stfiragc.- -At ]ea.st 4 lb. of cement shall be taken 
from at, least 300 bl)l. j)as.sing over the conveyor. This may be secured by taking 
the entire test, sample at a single t)y)eration, known as the “ Grali Method," or by com¬ 
bining several poitions taken at regular intervals, known as the " Composite Method." 
When obtaining a CDinposite sample this shall be secured by [■ombining approximately 
erpial weights tiiken at regular intervals, each portit)n rejirescnting approximately 
10 1)1)1. Automatic sain|)lcrs may be used in obtaining sainj)lcs. 

{(>) From *Ste/rrf/f’ ity .Means oj ]*ro{n'r ASao/pbnr; 7'/d)c.s. Tubes inserted vertically 
may be usial for sainj)ling (aMnent to a maximum depth of 10 ft. Tubes inserted hoii- 
zontally may be used where the construction of the storage jiermits. ASamples shall he 
taken at j)oinls well disliibiiled aver the storage. 

(r ) From Storage at Points of Disrhargv. Sufficient cement shall be drawn from the 
discharge oy)enings to oiitain samjilc.s representative of the cement, as determined by 
the apiiiMianee at the ilischarge openings of indicators placed on the surface of the 
cement directly al)ove the.se openings before the drawing of the cement is started. 
One 4-lb. sample shall be taken for at least each 300 bbl. 

Preparation cf Sample.—5. The sampling shall be done by or under the direction 
of a responsible representative of the purchaser. 

0. Samples shall be shipj)e(l and stored in moisture-proof, air-tight containers. 

’•‘Nnw in III si'jinriih- Trntntivn.s ami Siaiuliirds. Rasi? iirori'diires are Hubaiantially aa 

Vun't'."LaIi'<J, i-xr(’j)L a," luiU-tl. 
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Before testiiii;, samples shall be thornuKhly mixed and theii jiassed tlinni^di a No. 20 
sieve in order to break up lumps and remove foreipi materials. 

398. Comments on Sampling.—Bearing in rniiul the iiuportaiice of 
obtaining a lair aiirl representative sample of the eeinent, it is well to 
exereise niueh care in tlie selection, storage, and mixing of 
it. If the cement is stored in bags in a car or warehoiise ^ 

the selection of the bags to be samplefl should b(‘ Jnade in 
such manner that the entire lot will be repri'sented. It is 
not sufficient to select bags from the outside of a pih', 
but those within should also be sampled. ,i 

In all cas(\s a Sufficient (piantity should be collect (ul , 

so that the cont emplated series of tests may be duplicatiul 
without resampling. Altliough it is not always possible ; 

to oV)tain a second sainph‘; yet, it is worth while in sain- 
plijig bags or barrels, to number the Ijag and smuple 
alike. The samph' may be taken conviMiituitly by the j 

auger shown in Fig. 1 or l)y a long-handhul spoon. ; 

Storage of the Sample. .Becaust* it is important dial i 

(he properties of the cement shall not b(* influenced l)y i ; 

changes in the humidity and temperature' of tire air, stand¬ 
ard storage conditions should be maintaiinnl. If ])aper or pj(^. i. -t Virn'iit 
cloth sacks are used in collecting samples, tiny slu)uhl be Siiinj)li‘r. 
enclosed in a tight waterprot)f container for shipnuait to 
,the laboratoiy. In the lal)oratory, clean cans fitti'tl witli tightly fitting 
covers will be found conveni(‘nt receptach's for samples whicli must be 
stored for sevei al weeks. 1dn‘ storage' room should b(' dr}^ anti it s tempi'ra- 
turi' maintained at approximately 70° F. 

Mixing Samples- \{ infr)rmation concerning the uniff)rmity of a 
quantity of ct'inent is desired, thi' individual samy)les shoidfl ho. t(\sted 
separately. If a fair numbt'r of samples are taken from a car load, say 
ten to tweiity, such procedure woidd be v(‘ry costly if all the ti'sts W(*rf‘ 
made on each samph'. In order to cut down tlie oxponsv. of tf'sting and 
at the same time secure information regarding the uniformity of the 
material, the accelerated soundness may b(‘ run on evi'iy sample and 
the remaining tests madi? on a compf)site sample consisting of (Mpial por¬ 
tions taken from each individual sample. Before making any tests, taich 
individual or composite sample should be placed on a smooth dense sur¬ 
face and turned over 30 or 40 times with a trowel. 

Quartering .—The portions of a sample required for the various tests 
may be fairly obtained by spreading the cement into a flat cylindrical pile 
and removing sector slices sufficient in quantity for each test. Such pro¬ 
ceeding is sometimes called “The method of quartering.“ Sample splitters 
are also manufactured for such purposes. 
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Chemical Determinations 

399. Purposes.—Chemical analyses arc regularly made by the manu- 
laotiirtu’ to whom they afford very valuable indications concerning the 
|}rf)f)ortioiiiiig and burning of the cement. Sometimes analyses are made 
l)y eonsumf'rs who wish to determine whether the cement has been adul- 
teiat(!fl or has excessive amounts of injurious substances such as magnesia 
anil sulphur trioxide. As a rule the results of an analysis are of much 
less value to the consumer than the physical test indications. Only the 
methods for the more important determinations appear in the following 
articles; for more complete instructions see A.S.T.M., Des. Cl 14-40. 

400. A.S.T.M. Methods for Number of Determinations and Pro¬ 
cedure.— 

7. fa) When riiniert is sainjileil in acrnrdfiiu’n with Section at least one determinii- 
tinn i»f loss on ignition, insoluble resiiiue content, and magnesia ronlent sliiili be made 
for each 10 test samples taken, and at least (»ne iletecminalion of sulphuric anhydride 
(SDri) eontiMit shall lie made for each 3 test samples. In cjise of truck deliveries and 
car deliveries tlie sulphuric, anhydride (SOn) content shall be detejiiiined on each test 
sam])le. AVbeii the tolal number of lest samples taken is less tlian either of the grnui)S 
above specified at least one determination shall be made lor each chemical rerpiirement. 

ih) Wlien cement is sampled in accordance with Section 4, at least one deUMinina- 
tioii of loss on ignition, insoluljle residue content and magnesia enntent shall be made 
for eacJi IT) test satnples and at least one determin:i.tion of sulidiuric anhydride (SOa) 
c jiitent shidl b(‘ made frjr each 3 test saniides; provided that, at least one del erminatiou 
for each I'hemical reijuirement shall l)0 made on each bin sam])led. 

(c ) The chemical delermiiiations may lie made either on composites of the original 
test samples or may be made on individual test samples selected at random at the 
oi)tion of the inirchaser. 

Id) Till’ elieiiiical deteriiiiiialions shall be made in accorilancc with the j)ro[‘edure 
describeil in the following 8eet.ioiis S to 17 (Note). 

Notk,— Tiii.s iiiptliiMl itf rhinnif’.iil aiiulyHifl iw Lrniiaiilpred lis iJftHaL\spiiiK the hiphral obi rdiiublt; 

Mrr'iirivfy, but is iiii iu’fu'iitiiiiff' iiifthod to be /dIIdwpiI in ninking accu^ptance tests on fciiinulH ruvi^rcd 
by siifM-ilK'iitions requirinK that testH be made in areordaiice with tiie analytii:al proredure I'ontaim'd 
in this standard. 

401. A.S.T.M. Method for Finding Loss on Ignition.— 

8. Meat a 1-g. sample of cement in a weighed covered platinum crucible of 20 to 
‘J^-ml. ca[)acily, as follows, using either Method 1 or 2 as specified. 

(fi) Milhotl 1- Place the crucible in a hole in an aslteslos boaril, clamped hori¬ 
zontally, so that about three fifths of the crucible projects below the board, and heat at 
a full red heat (!)()() to 1000° C.) for 15 miii.; check the loss in weight Viy a second heating 
for 5 iiiiii. Take eare to wipe off particles of asbestos that may adhere to the crucible 
when withdiawn from the hole in the board. Greater neatness and shortening of the 
time of heating may V>e secured by making a hole to fit tlie crucible in a circular disk of 
sheet ])lMtilium and f)lac,ing this disk over a somewhat larger hole in an aslieslos board. 

ib) Mvihoti 2. Place the crucible in a muffle furmw’e at any temperature between 
tK)0 and 1000° C. for 15 min. and check the loss in weight by a second heating for 
5 min. 




TESTS 


375 


402. A.S.T.M. Method for Deter mining Insoluble Residue.— 

9. Add 25 nil. of rold water and 5 ml. of HCl (sp. pr. 1 . 10 ) to a l-g. sample of cement. 
Jleat Ihe .solution and grind the material with the flattened end of a glass rod until it 

evident fhat deeompositinn of the nement i.s complete. Dilute the .solution to 50 ml. 
and dige.st on a steam bath for 15 min. Filter the residue, wash six times with hot 
water, aiid digest the fdter pfii)er and contents in about 30 ml. of a sodium carbonate 
solution (5 per cent), the litjuid being held at a temperature just short of boiling for 
15 min. Filt er the remaining residue, wash twice wdtli hot w^ater, then wdlh a fenv drops 
f'l hot diluted HCl (1 : 0 ), and finally eight to ten times with hot w'ater, llitai ignite at a 
red heat and weigh tus the insoluble residue. 

403. A.S.T.M. Method for Determining Sulphuric Anhydride.— 

to. Add 25 ml. of cold water and 5 ml. of HCl (sp. gr. 1.19) to a 1-g. sample of 
cement. Heat the, solution and grind the material with the flattened end id a giass rod 
iiiilil it is evident that decomposition of the cement is comj)lete. Dilute tin solution 
to 50 ml. and digest tin a steam bath for 15 min., filter, and wa‘^h the resiihic thoroughly 
with hoi Av.'iter. Dilute tlie solutitm to 250 ml., heat to boiling, add slowly, drop by 
droj) from a iiipette, 10 ml. of a hut barium chloride solution (10 jiei cent ), anti eoni luue 
the 1)oiling until tlie preeijiitate is well formed. Then digest the solution on the stivim 
bath foj- at least 3 hi., preferably overnight. Filter the precipitate, wash am! placid the 
pa])m’ and contents in a weighed platinum crucilde and slowdy el ar and consume tlie 
])aper wu’thoiit flaming, ''i’hen ignite, and weigh the barium sulphate. The weight 
obtained multiplieil by 34.3 give.s the percentage of snljilmrie anhyrlride. The acid 
liltrate obtained in the determination of the insoluble residue may lie used for the esti- 
inalion of sulphuric anhydride instead of using a separate sample. 

404. A.S.T.M. Method for Determining Silica.— 

11. (ii) Transfer a 0.5-g. sanifde of the finely powdered cement to an evajiorating 
dish, fireferably of plafiiium for the sake of celerity in evajioration, moisten with 10 ml. 
of cold wmler to jirevent liini|)ing, add 5 to 10 nil. of HCl (sp. gr. 1.19) and digest writh 
the aid of gentle heat and agilatioii until solution is comiilete. Solut ion may be aided 
l)y light jjressure with the flattened end of a glass rod. Evaporate the solution to dry- 
iif'ss on :i steam liath. Treat the residue without further heating at first with 5 It) H) ml. 
of JTCl (sp. gr. 1 . 1 . 0 ) then diluting to half sireiigth or less, or pour at once upon the 
residue a larger volume of acid of half strength. Then cover the disli ami digest for 
10 min. on the bath or a hot jdate. Dilute the solution with an equal volume of hot 
water, immediately filter, and w^ash the separated silica thoroughly walh hot water and 
reserve. Again evaporate the filtrate to dryness, baking the residue in an oven 1 hr. at 
a temperature of 105 to 110" C. Then take up the residue with 10 to 15 ml. J diluted 
HCl ( 1 : 1 ) and heat on the bath or hot plate. Dilute the solution w illi an equal volume 
of hot waiter and catch and wash the small amount of silica it contains on another filter 
p%per. Reserve the filtrate and w^^shing.^. Transfer this paper and the reserved )jaiier 
containing the residues to a weighed platinum crucible, dry, ignite first over a bunseii 
burner until the carbon of the filter paper is completely consumed witdioiit flaming and 
filially over a burner or in an electric oven at 1100 to 1200 ” C. until the weight remains 
constant. 

(^) Treat the silica thus obtained, which will contain small amounts of impurities, 
in the crucible with a few drops of water, about 10 ml. of HF and one drop of H 2 SO 4 , 
and evaporate to dryness over a low flame. Finally, heat the small residue at 1050 to 
1100“ C. for a minute or two, cool, and weigh. The difference between this w'Dight and 
the weight previously obtained represents the amount of silica. W ashing of ihe silica 
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pKHMpitales can be made more effective by using a hot solution of diluted HCl (I ; QG), 
and then enm/Jeting the wasliing with hot water. Consider the weighed residue^ 
ifvnaifiirjg after volatilization of the silica, as combined aluminum and ferric o:jfides and 
add it to the result obtained in the determination of these oxides (Section 12). 

405. A.S.T,M. Method for Determining Ferric Oxide and Alumina.— 

12 . Treat the reserved filtrate (Note 1), which should have a volume of about 250 ml. 
with MCI, if necessary, to insure a total of 10 to 15 nil. of the acid, add a few drops of 
methyl red indicator and then heat to boiling. Then treat with NfLOH (Note 2), 
di’o[)-l)y-drr)p, until one drop changes the color of the solution to a distinct yellow. 
Bring to boiling the solution containing the precipitated iron and aluminum hydroxides, 
boil for t or 2 min., and then lilter. Wash the precipitate fiiice by decantation and 
slightly nil the filter with a hot ammonium nitrate solution (2 per cent ). Set aside the 
filtrate and trails!er the jirecipitaie and filter paper to the same lieaker in which the 
first pieci])itatioii was effected. Then dissolve the iron and aluminum hyilroxides in 
hot diluted HCl (1 ; make up the solution to about 100 ml., and reprecipitatB the 
hydroxides as in the first case. Then filter the solution and wash the precipitate with 
two lO-rnl. portions of a hot ammonium nitrate solution (2 per cent). Coinbirie the 
filtrate iuul washings with that set aside and place the prcciintate in a weighed platinum 
crucilile, slowly lieat by a bunseii or Meker burner until the pajjers art^ idiaired, and 
finally ignite to constant W'eight at 1050 to 1100 C. with care to prevent reduction, and 
weigh as .AU*0;i -H I'e^O:). 

Notk 1.—If a plaliimni Rvaporating dinh has been uaed for the dehydraiinn of silira, iron may have 
been iiarliiilly rtulueeil. At (hie etago, add about 3 ml. of euituralefl aqueous Holulioii tjf britiiiine to 
the niirate anil huil the liltrate to eliminate the exeeas bromine before adding the methyl red indicator. 

Noti: 2. —'J'he NH4nif used to precipitate the hydroxidefi muni be free of contaminalioii with 
car bon dinxii.h'. 

Ferric Oxide. - J’lie result for tliis method for determining ferric oxide i.s not affected by an}' lilania 
or vaiiarliuiTi oxide that may be in the cement. It Ih therefore understood that the.se are rouiiLeJ as 
AkOa in this luelluul. If the preeipitatioiis of aluiriiiium and iron are made as directed, little if any 
mangunese will be retained in the precipitate. 

111. Sdiitinns R(‘(]uirv(L —The following solutions will be required; 

(«) jSlfa?inous OhlorvU'. —Dissolve 2 g. of the crystallized salt in ten times its weight 
of a iiiixlure td Ihrce jiarts of w’ater and one of HCl (sp, gr. 1.10). Add scraps of iroii- 

granulaltMl tin iiiid bttil until the solution is clear. Keep the solution in a closed 
drupiiing bottle conlaining metallic tin. 

(/») Flutsphorir Arul MixturE. —Arid slowly and with stirring 150 ml. of orthophos- 
phoric acid (sp. gr. 1.71), anil 150 iid. of H 2 l^k )4 (sp. gr. 1-84), to 500 nd. of water and 
then dilute to 101)0 nd. with wat er and mix. 

(r) Indicator. —Dissolve 1 g of diphcnylamine in 100 ml. of H 2 SO 4 

(sp. gr. 1.84). 

(r/) Standard Folassiiim Jiictironiale Solution, —Dissolve 2.457 g. of KjCi’af); in 
distilled water and dilute to 1 liter. Standardize against standard iron wire of kno.vn 
iron content in the same manner as directed for the ferric oxide determination in cement 
(Section 14), using a weight of iron wire which wall yield a titration approximately 
equal to that required by the reineut sample in question. 

14. Method. — Add 20 ml. of cold water and 10 ml. of HCl (sp. gr. 1.19) to a 1-g. 
sample of cement. Heat tVie solution and grind the material with the flattened end of a 
glass rod until it is evident that decomposition of the cement is complete. Dilute the 
solution to 50 nil. and heat to boiling. Then treat the solution with 5 ml. of HCl 
(sp. gr. 1.19) and then w ith a solution of stannou.s chloride, added drop by drop while 
gtirring until the solution is decolorized, then add one drop more. Cool the solution to 
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room temperature, rinse the inside of the vessel with water and add all at on re 10 ml. 
of a cool saturated solution of mercuric chloride. Then stir the solution vi^roroiisly for 
1 min., treat with 15 ml. of phosphoric acid mixture and three droijs nt di])henylninine 
indicator and dilut e to 150 ml. with cold water. Then titrate witli a standartl ootassium 
dichromate solution having a titer no greater than 0.004 g. of VeA),. The end point is 
taken tks the point when a drop causes an inten.se deep-blue col ora (ion that remains 
unchanged on the further addition of the standard KoCii-Ot solution. 

406. A.S.T.M. Method for Determining Calcium Oxide.— 

15. Add a few drops of NH 4 OH to the combiiitKl fdtrates obtained in the alumina 
and ferric oxide precipitation (Section 12 ) and bring the .soluliun lo Iwuling. Add to 
the boiling solution 25 ml. of a boiling ammonium oxalate solution (5 per cent ), the 
boiling being continued until the precipitated caleium oxalate .'issuitie.s a well lUdiited 
granular form. Then allow the solution to stand for about 20 min. or until the i)re- 
pil)itate has settled, filter, and moderately wasli with an aminoiiiiirn oxaiale solution 
(O.i per cent). Reserve the filtrate and washings. Place the filter n:iper coiilaining 
the precipitate, wet, in a platinum crucible and burn off the paper over the sTiiall tlarne 
of a bunsen burner. Then ignite the precipitate until the ox-alale is loaiverted to oxide 
(Note), redissolve in TICl and make up the solution to 100 nd. with water. Add 
NH 4 OH in slight excess and bring the solution to boiling. 11 a sin?:ll ainoiin' nF alumina 
Beparates at this point, filter it out, weigh, and add the amouih ‘.o that lound in tho 
original alumina detennination. I’lien rejireeiiiitaie the lime by aminaniuin iixulate, 
allow to stand until settled, filter, and wa.sh, taking care to avoid an excess of the wash¬ 
ing .solution. Condiine the filtrate with that a.lrea<ly re.^FM-vtol. A\’eigli the jircciiii I ale 
08 calcium oxide after ignition and blasting to con.s1ant weight in a weighed, covcri'd 
platinum crucible. 

Note. —If (In; ignited preripiliite ia chirkly rnlnrpd, it may foiilain .aii apprrciablf' aiiiDiitif nf inaii- 
gfinoac*. TIil^ criiitamimitinii of the secand pri'fipitutR of lailriuni ojnilalt' by maiig.’iiK'.si- hIiuuIiI ))t* an 
Iliw JiH pDHfiibb!. Tilt; following prnrtMluro 11103’ tr u.sod lo rnrluce the noiilaniinalion; atJil T) ml. of colil _ 
w.'iUt raiitiiMJply to tlio precipilal r .and then fauliouHlj’’ add 10 ml. nf ililolcd llf'l (1 : 1'. lie,if llu; 
mixUirn. If tin* resulliiig .Holulioii is colored, digest, it on (lit* linl pbite gciOly f[ir 10 min. or longer 
until the color di.sar)pc:irH or until il, ia appiirnnt the eolnr will iiot biMonip liglilor on furiior liraling. 
Afti;r 11 little practice if in possible to dissolve hard-burnt lime in this way williout explosive spa(tering. 

If the seennd precipilali' of ealeiuni oxalate is so tine as to eiwisi* diftivully iri l.iliTing or if the pre- 
cipilate cuu.ses bumping, the volume of Bolulion niny be iiiereaBcd to 1 .'^lO or L'Ol) ml., insii'ail nf 100 ml., 
prior to precipitiilioii. 

407. A.S.T.M. Method for Determining Magnesia.^ — 

In this method for determining miigne.sia, iiio.st of ;iny rri:uig;i.ne,‘>r‘ in (he cement 
is precipitated wdth the magnesium. It is understood in this uictlioil (hat in:ingane.se 
so precijtitaled shall be calculated a.s m.agupsiiun. 

16. Aiadify the filtrat es reserved in the detennination of caleium o.xide (Sectinn 15) 
with HCl and concentrate to aViout 150 ml. Add to this sfdiition alnuit 10 ml. (,>f 
diainmoniurn idiosphate solulioii (25 g- of the salt per 100 ml. of watei ) and lioil the 
solution for several ininutes. Then cool the solution by placing in a beaker of ice wat er. 
After cooling, add NH4OH drop by drop, while .stirring constantly, until the cry.stalline 
ammonium-magnesium orthopho.sphate begins to form, anrl then in ino[lera.le exce.s.y 
(5 to 10 per cent of the volume f.)f the solution), the stirring being continued for several 
minutes. Set the solution a.sidR for at least 8 hr. in a cool atmosphere, and then filter. 
Redi.s.solve the precipitate thus obtained in hot diluted HCl (1 : 4.i, make up the solution 
to about 100 ml., add 1 ml. of the solution of diammonium phosphate, and NIHOH 

* The Standard Mpthods for Rapid Determination of Magnenia in Portland Cement (Alternate 
MBthodB) (.\.S.T.M. DEsignation C 77 38) Bupplcinent the ehemieiil determinationa of tliRHe. methods 
and appear in the 1038 Supplemenl to Book of A.S.T.M. Stnitdarda, p. 100. 
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drop by drop, while stirring constantly until the precipitate is again formed as described, 
juid the ammonia is in moderate excess. Then cool, allow to stand for about 2 hr., 
filter, and wash with two 10-ml. portions of wash solution (200 ml. of concentrated 
NIJ^OH, 100 g. of ammonium nitrate, and 800 ml, of water), plane in a weighed plat¬ 
inum eruniide, slowly char the paper, and carefully burn off the resulting carbon. 
Ignite the precipitate at a temperature between 1100 and 1200° C. to constant weight, 
taking care to avoid bringing the pyrophosphate to melting. Thp. weight of magnesium 
pyropho.sphaie i)l)tained multiplied by 72.4 gives the percentage of magnesia. 

Blank Determination.—17. Make a Vdank lietennination of sulphuric anhydride, 
silica, ferric oxide and alumina, ferric oxide, calcium oxide, and magnesia, using the 
samo procedures as outlined in Sections 8 to 16, and using ajjproximately the same 
ainoiiuts of reagents. Correct accordingly the results previously deicrinined. 

Balances.—18. The balances used in the chemical determinations shall conform to 
the following requirements: 

(fi) Capacity nut less than 100 g. in each pan; 

f(?j) The two aims of beam to be equal to within one part in 100,000; 

(r ) Capable of reproducing results within 0.1 mg.; 

{(J) “ Sensibility recijirocal ” * not more than 0.2 mg. per division of Die graduated 
scale. 

(c) The weight.s used in the chemical deteiminaiions shall conform to ihc requim- 
ments of the Niitiorcil Bureau of Standarcls sjiecifications for Class ‘‘S " weights as con¬ 
tained in Bureau of St andards Circular No. 3. 

400. Purity Test.—The so-callcd purity test affords a speedy deter¬ 
mination of the presenci* of adulterants. The test may be made as follows; 
Place about one-half teaspoonful of cement in a test-tube. Stir the etniient 
with a glass rod and cover wdth a 50 per cent solution of hydrochloric acid. 
If till? C(‘iTient is pure, it will effervesce slightly and form a yellow or orange- 
yellow^ jelly; the pn\sence of an adulterant consisting mainly of calcium 
carbonate will cause violent effervescing. Slag will cause the emission of 
sulphuretted hydrogen; other insoluble adulterants form a dark sediment 
at the bottom of the jelly. 

Physical Tests 

409. Determination of Specific Gravity.—In order to determine the 
density of mortar or concrete, the .specific gravity of the cemeni, must 
be known. The specific gravity test is akso useful in detecting adultera¬ 
tion. iiie former standard method, here presented, may also bo used on 
sand or other fine pow^lers. 

A ppnrat fis .—The determination of .specific gravity shall made wath a 
standardized L<? Chatelier apparatus wdiich conforms to the reriuirements 
illustrated in I'ig. 2. This apparatus is standardized by the Uniter! 
Stales Bureau of Standards. Kerosene free from w^ater, or benzine not 
lighter than 62° Baume, shall be used in making this detennination 

* Thp HRiiHibility rpriprortil is ii nipasurc of the sBiisitivity nf a bahiupo, iind is Ihe retjuirpi 

to move tlip po.^ition of equilibrium of the bejim, pan, pointer, or other inrliraling rlevipR of a si alo 
ii dpliiiitp amount at the rapacity or at any leaser load. For a complete definition of sensibiliLy reeij*- 
rocal, sec llureau of Standards Haniibouk, M So, pp. 80-82. 
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Method. The flask shall bo filled w 
on the stem between zero and 1 cc., 
temperature as the lifjuid, shall be 
slowly introduced, care bein^ taken 
that the cement does not adhere to 
the inside of the flask above the 
liquid and to free the cement from 
air by rolling the flask in an inclined 
position. After all the cement is 
inti’oduced, the level of the liquid 
Avill rise to some division of the 
graduated neck; the difference be¬ 
tween readings is the volume dis¬ 
placed by ()4 g. of th(^ cement. 

The specific gravity shall then be 
obtained from the formula 

Specific gravity 

Weight of cement (g) 
Displaced volume (cc.) 

The flask, during the t)peralion, 
shall be kept immersed in wattu*, in 
t)i'der to avoid variations in tln^ teni- 
l)erature of the liquid in tlu' flask, 
which shall not excfMMl 0.5°(1 The 
results of repeated tests shoidd agrra* 
within 0.01. 


ith either of these liquids to a point 
and t)4 g. of cem(‘nt, of the same 



Fineness 

410. A.S.T,M. Method.— 

Apparatus. “10. —Wire cloth for .sliindaril .siiivas fur [‘einenl slmlJ l)e woven 

(not twill(^d) from bra.s.s, brniize, or other suitable wire, aiul mounted withoul list or! ion 
on frame about 2 in. below the top of the frame. The joint lietweeii tire clotli and fjiune 
shall Vre .smoothly filled with solder to irrevent lod^iii^ of the feineut. 'I'he sieve, frame 
shall be eircidar, approximately 8 in. in diameter, and shall be jirovided with a jran and 
cover. 

20. No. 200 Sievv ..—A .standard No. 200 .^ieve is one haviiiK nominally a 0.0020-in. 
opening, certified by the National Bureau of Standards, and e.oiifonning to liie si)eeili- 
cations for thLs sieve in the Tentative Specifications for Sieves for Testing Purjroses 
(A.S.T.M. Designation: Ell) of the American Society for Testing Materials.* The 
correction to the sieving value of the sieve shall be determined b}^ sieving tests made in 
conformity with the standard sfrecificatioiis for these tests using a cement standardized 
for fineness. 

*Am. iSoc. TeatiiiB Muta., Vol. 38, Part, I (1938); alsrj 1938 iSook of A.S.T.M. Teiita.p 
tive Standardf^, p. 1607. 
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21. Balance .^.—^The balance used in making the fineness test shall conform to the 
following requirements: The balance shall be enclosed in a glass case. On balances in 
use the Lolerani:e at a load of 50 g. shall be ±0.05 g., and at loads less than 0.1 g. the 
tolerance shall be ±0.01 g. The tolerances on new balances shall be one-half of these 
values. 

The maximum sensibility reciprocal (see footnote, Section 18) allowable at each of 
the loads specified above shall be twice the value of the tolerance specified for the load 
in question. 

The tolerances on the weights in use in the fineness test shall be as follows: 


Woi/^ht Tolerjinoe Weight 

50 k. . :tD.04g. 0.500 g 

in) K. ±0.02 g. 0.200 g 

lOg. ±0.014 g. O.lOOg 

.5 g. ±0.010 g. 0.050 g 

2g. ±0.006 g. 0.020 g 

Ig. ±0.004 g. 0.010 g 


Toleranne 
±0.003 g. 

±0.002 g. 
±0.001 g. 
±0.001 g. 
±0.001 g. 
±0.001 g. 


The U)lerances on new weights shall be one-half of these values. 

Method.—22. The fineness test shall be made with 50 g. of cement. The sieve 
.shall lie tlif)rougbly clean and dry. The cement shall be placed on the No. 200 sieve. 
The sic-ve, with pan and cover attached, shall be held in one hand in a slightly inclined 
posit,ion so that the .samiile will be well distributed over the sieve, at the same time 
gently striking the side about 150 times per niiiiule against the j)alm of the r)ther hand 
on t he up stroke. Tlie sieve shall be turned evei’y 25 strokes about one-sixth of a revo¬ 
lution ill the same, direction. The operation .shall be continued until not more than 
0.05 g. pas.ses through in 1 minute of continuous sieving. 

The fineness shall be determined from the weight of the residue on the .sieve expre.ssed 
as a percentage of the weight of the original sample, apiilying the sieve correclion. 

23. Washers, .shot and slugs shall not be used on the sieve. 

Mechanical Sieving.—24. Mechanical sieving devices may be used, but the cement 
shall not, be riqi;e,ted if it meets the fineness requirement when tested by the hand method 
de.scribed in Hection 22, 


411. Accuracy in Fineness Tests.—A .skillful operator .should check 
liiiiistdf within 1 per cent when using the .sanu^ sieve and cement. Sieves 
with correction factors certified by the U. S. Bureau of Standards can be 
proctired from jnannfacturers. The Bureau also can furnish cianents of 
certified fineness so that a laboratory can calibrate and periodically check 
its sievi's. Sieves Math correction factors less than ±2 per cejit should be 
iLsed on iinptirtant deterniinations. 

412, Mechanical Shakers.—In spite of the fact that hand sieving is 
given preference in the specifications a number of mechanical sifting 
devices an^ being used with sati.sfaction. 

In operating .such shakers it is customary to sift the cement for a 
certain time at a given rate. This method does not give re.sults which 
agree with those recommended by standard specifications since different 
cements will pass through the sieves at different time rates. 

If the method recommenrled by the A.S.T.M. for hand shaking be fol- 
loM’ed, little time will be gained uidess the shaker is made to accommodate 
several sets of sieves and pans. The Hunt shaker manufactured by the 
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Humboldt Alanufacturing Company, Chicago, carries lour 8-iii. diamoter 
sieves and well leproduces the rotary and tapping uiDtion of hainl sieving. 
twenty minutes is a satistactory shaking period lor this apparatus, but any 
or all of the sieves may be removed at any time without stopping t he shaker. 

A shakei recently ileva^loped by the A\. S. Tyler Co. of ( 3e^a‘laiul 
is shown in Fig. 3. This device is so designed that six S-in. standard sii'ves 
or 13 hall-height sieves may be shaken at one operation. The driving 
mechanism is arranged 


to rotate the sieves and 
tap them 150 times a 
minute. By using the 
time switch, shown at 
the right, the shaker 
may be automatically 
stopped at tlu' end of a 
predett^rmin ed period, 
20 minutes usually be¬ 
ing sufficient. 

413. Other Methods 
of Determining Fine¬ 
ness.* Siiiee in tests of 
Portland cements resi- 
(IvK's on the No. 200 
sieve are usually 12 per 
e(‘iit or less, the lirnita- 




Fig. 3.—A Ro-t.ap Mc'dianicnl Shakrr Fqiiippi'il with a. 
»Sir)p-ldti‘ 'Firm* 


tion based on that sieve 
is no longi^r a standard 
retjuirorn ent in the 
A.S.T.M. specifications. Sieves finer than No. 200 are so (^xptMisivi*. and 
difficult to standardizi' that recourse is being niad(‘ to otluu- m(‘ans for 
determining the parliele-size distriliution of Portlarul crani'iits. A good 
description of a number of air separators, including tin* lV*;irson aualyzi^r 
perfected at the U. S. Buri'au of Standards, is givtvii in TerluiohHfif- Paper 
No. 48. With this type of diwice it is possiI)le to sfqiarait^ pai lieh's of 
0.0004 in. diameter, or less, Avhich constitute about a fourtli to a third of 
normal Portland cements. 

At the Bureau of Standartls there has also been developetl a lurViidi- 
iueter,t by which the surffii*e jirr‘a of a know n fraction of a gram of cement 
is estimated. This is aecoin[dished by disi)ersiug the cianent in a uniforjii 
manner in a rectangular glass tank filled with kerosene, i)assing paridlel 
light rays through the solution onto the sensitive plate of a photfjelectric 


*Seo A.S.T.M. SUnrlanls, Dcs. C184-44, C204-4r)T, nnil Cl 15-42. 
t See papers by L. A. Wagner, Pror,, A.S.'T.M., VdI. 33, IM. 2, p. 553; also hy H. S. 
Ponzer and D. R. Mae Pherson, Vul. 38, Pt. 2, p, 441. 
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cnll. Tho turbidity of the solution at a given instant is measured by taking 
readings of the current generated by the cell. By taking such readings at 
regular int(‘rvals while the particles arc falling in the solution it is possible 
to secure information regarding the grading in surface area and in size of 
particle. Readings are usually expressed in square centimeters per gram 
of cement. For procedure in using this turbidimeter, see A.S.T.M. 
Standards, Dins. (Mir)-42. 


Mixing Cement Pastes and Mortars 


414. A.S.T.M. Method.— 

Apparatus.—25. Ttie .sr.ales used in weighing materials for neat cement and mortar 
mixes shall laiiifonn to the following requirements: On scales in UvSe the tolerance at a 
load of 1000 g. shall be ±1.0 g. The tolerance on new scales shall be one-half of this 
value. The sEaisilhlil y recij)rocal (see footnote, Section 18) shall not be greater than 
twice the tt)lei'ance. 

The tolerances on the weights in use in weighing materials for neat cement and mortar 
mixes shall be as follows: 


W V. i kIj h T oi LTance 

1000 K. ±0.5 K- 

OOOk . i-0.45g. 

7.50 e. ±0.4 K. 

ROO K. ±0.;^.5^r. 

m\ K . ±0.3 g. 

250 g. ±0.26 g. 

200 g. ±0.20 g. 


Weight 

100 g.. 

50 g.. 

20 g.. 
10 g.. 

5 B.. 

2 g.. 
1 g.. 


T[)lBranRB 
±0.15 g. 

±0.10 g. 

±0.05 g. 
±0.04 g. 
±0.03 g. 

±0.02 g. 
±0.01 g. 


The tolerances on new weights shall be one-half these values. 

Glass Graduates.— 2i\. Glass graduates of 100-ml. to 200-inl. capacities used for 
measuring the mixing water .shall be made to deliver the indicated volume at 20° C. 
(68° \'\). Tlie tolerance on these graduates .shall be ±1.0 ml. 

Method of Mixing.— 27. The quantities of dry materials to be inixeil at one time 
shall lie .500 g. for neat cement mixtures and not less than 1000 g. nor inure than 1200 g. 
for morlar niixtiiies. The projKolions of cement or cement and sand shall be .stated 
by weight in grains of the dry inat(‘riaJs; the quantity of water shall be expressed in 
milliliter-s. The dry mateiials .shall be weighed, placed upon a smooth non-absorbent 
surface, thoroughly mixed dry if sand Ls used, and a crater formed in the center, into 
whit^h the iiroiier percentage of clean water shall be poured; the material on the outer 
edge slrall lie turned int o the I’laler within 30 seconds Viy the aid of a trowel. After an 
additional interval of 30 secoiid.s for the absor-ption of the water the ojieration shall be 
completed by contiiiiious, vigorous mixing, squeezing and kneading with the hainls fur 
1 2 minutes. During the njieration of mixing, the hands shall be protected by rubber 
gloves. 

Temperature. ” 28. The temperature of the room and dry materials shall be main¬ 
tained at not less than 20 C. (68° F.) and not more than 27.5° C. (81.5° F.). The 
temperature of the mixing water, moi.st closet, and water in the briquet storage tank 
shall not vary from 21 C. (70° F.) more than 1.7 C. (3° F.). 


416. Additional Recommendations.—Mixing tables should be about 
34 to 36 in. above the floor, depending upon height of operator. For a 
mixing surface, a |-in., cold-rolled steel plate is satisfactory. Tables 
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should be well lighted and not exposed to changes of temperature or drafts. 
Table, balance weights, and tools should be kept clean. A dispensing 
burette of 200-cc. capacity, fastened at a convenient height, will be found 
satisfactory for measuring the water. If a graduate is used it should have 
a nibber guard around the top to prevent breakage. Rubl)(‘r gloves should 
be comfortable and flexible. They should not be wetted prior to mixing. 
Dry mixing should be thoroughly done w'ith a trowel. Only w ater suitable 
for drinking should be used, and it should be accurately measured. Evap¬ 
oration losses can be avoided if the crater is made sufficiently large and 
care is taken to keep the w^ater inside the crater during the operations of 
absorption and mixing. 

416. Kneading.—The practice frequently employed in knefifling is 
as follows: The operator covers the pile of material wdth liis hands placed 
palms downward with fingers pointing aw^ay from luni. He thiMi (|uickly 
forces the wrists forward keeping the ends of the fingers fixed and exerting 
a downw ard pressure of about 20 lb. with the palms. Aft(‘r three or four 
similar movements the pile 

is turned through an angle 
of 90 degrees, any loose 
material gather(^d in and 
the above manipulation re- 
p[^at(‘d. The pile should be 
givf‘n tw^enty to tw^outy-five 
turns in a minute. 

NoiiMAL Consistency 

417. A.S.T.M. Method. 

Apparatus.--2!). The Yicat 
npjiuratu.s .shall coii.sist of a frame 
A (Pig. 4) l)eariiig a movable 
roil /^, weighing 300 g., one end 
(\ the plunger end, being 1 ein. 
in diiimeter for a di.stance at 
least 5 cm., the other end having 
a removable nc^edle D, 1 mm. in 
diameter and 5 cm. long. The 
rod B is reversible, and can be 
held in any desired y)osition by a 
screw E, and has an adjustable indicator P w^hich move.s over a scale (graduated to milli- 
meters) attached to the frame A. The paste is held in a rigid eoniral ring (1, resting 
on a gliLSS plate H about 10 cm. square. The ring shall be made of a non-er.rroding, 
non-absorbent materijil, and shall have an inside diameter of 7 cm. at the base, G cm. 

at the top, and a height of 4 cm. / i ■ 

In addition to the above, the Vicat apparatus shall conform to the followmg 

requirements: 
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of plunger. 

IliuineLLT of lurgcr Giid of plungiir... . 

Dimner.er uf neeille. 

liiHLcii; diiiriiLiter of ring at boLtom.... 

liiHidt; rjiuniel tr of ring at top. 

litsiglil of ring. 

Graduuted sualB. 


300 g. =h 0.5 g. (0.661 lb. ± 8 grains) 

1 cm. zt 0.005 cm. (0.394 in. zh 0.002 in.) 
1 mm. ±0.05 mm. (0.03!) in. ± 0.002 in.) 
7 cm. ±0.3 cm. (2.75 in. ± 0.12 in.) 

6 cm. ±0.3 cm. (2.36 in. ±0.12 in.) 

4 cm. ±0.1 cm. (1.57 in. ±0.04 in.) 
The graduated scale, when compared with a 
standard scfile accurate to within 0.1 inin. 
at all points, bIiuII not show a deviation at 
any point greater than 0.25 mm. 


Method.—30. Normal Consistency, Neat Cement .—In makiiiK the determination, 
500 ol lu^ment, with a measured quantity of water, shall be kneaded into a paste, as 
described in Seetif)n 27, and quickly formed into a ball with the gloved hands, com¬ 
pleting the tqxaalion by tossing it six Limes from one hand to the other, maintained 
about 0 in. apart; the ball resting in the palm of one liand shall be pressed into the 
large]- end of the eonieaJ ring C, Fig. 4, held in the other hand, comjifletcly filling the 
ring wii li past f.‘; the excess at the larger end shall then be j-[anoved by a single iiiDvemeiit 
of the palm of the hand; the ring shall then be placed on its larger end on a glass plate 
IJ, and the excess paste at the smaller end sliced off at the toj) of the ring t)y a single 
oldirpie stroke of a sharjj-culged trowel held at a slight angle with the tup of the ring, 
and the top smoothed, if necessary, w’ith a few light touches of the jH)inted end of the 
trowel. During these operations care shall be taken not to comj)ress the paste. The 


TAHLi: l.-PERCFNTAGE OF WATER FOR STANDARD MORTARS. 


riTPtMilage of W:il(T for 
Nl*!i(, ( 'eiiii'iil I'u.hIc of 

N or 111 mJ (u iiy is 1, cii cy 

I’l'reniil.age of Water for 
.Mortur of line (/einerit. 
Three Staiidurd Oltaw.a 
Haiidtt 

Pereeniage of Water for 
Neat Cement P.'iBre of 
Normal Consistency 

Pen-entage tjf Water for 
Mortar of One CeinEiiit, 
Threi' Standard Ottawa 

LSiiiid® 

15 

!).0 

23 

10.3 

Hi 

9.2 

24 

10.5 

17 

9.3 

25 

10.7 

18 

i). 5 

26 

19.8 

19 

9.7 

27 

11.0 

20 

9.8 

28 

11.2 

21 

10.U 

29 

11.3 

22 

10 2 

31) 

11 5 


™ VN’Iicii Mil- i>ii)pi>rliunH uf irciiicul lu sand arc olher iliaii one to flircc by wciglil, llic umouut of 
nii.\iug waliT hIiliII be calculated fr[im the fulluwinK formula, upou wliicti Tabic 1 ia baued: 


where y ~ tiic pcrcciilagp of water rp.iiuired for the Band mortar, 

I* ■-=-■ the piTceiiliigL' of water rcriuircd for neat cenieiit piifllc of normal conaistency, 

= the nuinbi'r of parts of sand to «me of cement by weight, and 
A —a constant wliicli for atandard Uttawa aaiid hue the vjlIuc 6.5. 

pruste confined in the ring, resting on the plate, shall bn centered under the rod 
Fig. 4, the ])lunger end of which shall be brought in contact with the stirface of the 
]iastp and the set-screw tJ tightened. Then the movable indicator F shall be set to the 
upper zero iniiik of the scale or an initial reading taken and the rod released 30 seconds 
after completion of mixing. The apparatus shall be free from all vibrations during 
the test. 

The paste shall be of normal consistency when the rod settles to a point 10 mm. 
below the origiiud surface in 30 seconds after being released. Trial pastes shall be 
made wilh varying per cent agt\s of wafer until the normal consistency is obtained. 
Each trial shall be injule with fresh cement. The amount of water required shall be 
expressed in percentage by weight of the dry cement. 
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31. Xormal ConsisUmcy, Standard Mortar.-The ronsislenvy of standjirtl mortar 
shall depend on the iiinount of water iLMiuirpii to produce a i)astL‘ of noniud consistency 
from the same sanif/le of I'enieiit. Having detenniiifHl the normal ronsistency of the 
cemi'iit .sample, the ronsisteiii'.y of standard niorlar imule from tlie same sample sliall 
be as indicated in Table 1, the values being in percentage of the conibiiieLl dry weights 
of ih[‘ cement and standard sand. 

418. Hints on Determinations of Consistency. —The Viral apparatus 
must be kept clean, well oiled, ami in standard tajiidilioii. Tiiial di'ttu- 
minations should be made on fresh batches without remixing or retemper¬ 
ing. If this most important determitiatiou is to be made jiioperly, not 
only must car(‘ be exercised in mixing ami placing the jiaste to ftdlow 
standard proctalure, but also tlie specimen must be ciadereil biMieadi the 
plunger in testing. 

For cements with a flash set an approriniafion of .lie ju'oper amount of 
water can be had by th(‘ hall method. A 2-in. ball of pro])i'rl\ tuoUI* d 
paste is dropped from a height of 2 ft. ui)ou tlu^ mixing labh‘. h'or uonnal 
consistency the ball should flatten not more than oiie-lia!i of its diameter 
without cracking. 


‘V‘:"ripc* for Curinccllciii 
to Coilslillll'LCYL'l ^ 
Bottle ^ 


"U 


Top 


Ilurlt 1o 1)1,' moilr 1)1 Copin'r }Tr." 
Iniioril dm ;i IMni IMm' of 





Rack 



Apparatus to hs marie of Sheet Hopper weiKhinc 22 oz. per sq. Ft. tiimerl iDside. All seams 
to t)e lapped where possible. Hard soliler only to he used. Uiinensit)tis an- f)i)lii)niil ex- 
eept distance between water level and top of rack which must be 1 inrh as s|)ei;ihed. 

Fig. 5. —Api)aratu.s for Making Sounrlness Test of CAanent. 


Soundness 

419. A.S.T.M. Method.— 

Apparatus.—32. A .steam apjiar.atu.s, wdiich can be maintained at a temiierature 
between 98 and 100" C., or one similar to that shown in Fig. 5, is recommended. The 
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capacity of this apparatus may be increased by using a rack for holding the pats in a 
vertical or inclined position. 

Method.—33. A pat from cement paste of normal consistency about 3 in. in diam¬ 
eter, \ ill. in thickness at the center, and tapering to a thin edge, shall be made on a 
flat, clean glass plate about 4 in. square. In molding the pat, the cement paste shall 
first be flattened on the glass and the pat then formed by drawing the trowel from the 
outer edge toward the center to give a rounded surface. The pats used for the time of 
setting tests by the Gillmore method (Section 40) may be used for soundness tests. 
After making, pats shall be stored in the moist closet for 24 hours. 

34. The pat on the glas.s plate shall then be placed in an atmosphere of steam at a 
temperature between 98 and 100“ C., upon a suitable support 1 in. above boiling water 
for 5 hours 

Soundness.—35. The pat shall be examined for unsoundness within 1 hour after 
removal from the steam apparatus. Unsoundness is usually manifested by change in 
volume which causes distortion, cracking, checking, or disintegration, as illustrated in 
Fig. 6 (^)- 

Sht)uld the pat leave the plate, distortion may be detected best with a straight edge 
applied to the surface which was in contact with the plate. 

420. Hints on Manipulation.—Since soundness is the most important 
property of a cemxmt, care must be exercised in all determinations to avoid 
errors which will influence the results of this test. Clean, dry, glass plates, 
free from oil, should be used. Batches should be of normal consistency 
and contain not less than 500 grams of cement, as specified. Shortening 
the standard 24-hour storage period in the moist closet may cause an 
unsound cement to pass the test. From time to time check determinations 
should 1)0 made on the temperatures in the steaming device. 

Sj)eed in roughly molding the pats may be gained by rapidly tapping 
the glass plate supporting the paste on the bench. This action ciuickly 
spreads the paste into a flat circular pile and at the same time expels the 
air entrapped betwetm the plate and pat. A common fault with the 
unexperienced operator is to make the pat too wet or to allow it to dry 
by standing on the bench. Either of these errors is liable to cause shrink¬ 
age cracks. In marking the pats, deep abrasions of the surface should be 
avoided for .similar reason. 

421. Le Chatelier’s Test for Soundness.—Several other accelerated 
tests for soundness have been devised. One of these, which was recom¬ 
mended by the Committee on Accelerated Tests of the International 
Association for Testing Materials * and specified in both the British 
and French Standard Specifications, is the rough measurement of the 
expansion of a cylindrical test piece by Ijc Chatelier’s tongs, shown in 
Fig. 7. The method of making the test, which w'as originally proposed 
by Chfitelier and adopted by the committee, follows; "The cement 
is gaged and filled into a mold on a plate of glass, the edges of the mold 
being held together. When the mold has been filled it is covered with a 

♦See Vrw. I.A.T.M., 5th Congress, 1909 Xa; also Engr. News^ Vol. 68, p. 506. 
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(a) Shrinkage Crackis Due Id Exposure of Pais io Drv Air During l iii^g. 




Cracking Disintt^gralion 

(??) Tj^pical Failures in Soundness Tixst. 

Fig. G, —Soundness Test Pals. 
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plate of glass held down by a small weight and the whole is immersed in 
water at 15^ C. for twenty-four hours. Any tie or band which has been 
used to k(‘t‘p the edges of the mold together during setting is then removed. 
The distance between tin* indicator nefulles is measured and the mold 
is placed in cold water, which is raised to a temperature of 100° C. in the 
course of half an hour and is kei)t boiling for six hours. The mold is 
removed from the water and after it has cooled the distance between the 
indicator needles is again measured. The difference betw-een the two 
measurements represejits the expansion of the cemejit. This must not 
exceed 10 mm. when the cement has been aerated for tw^eiity-four hours 
and 5 mm. when the cement has been aerated for seven days.” 


T 


I /2niin 

5 

1 

nd 


+ 



^ iiiiii 



422. The Boiling Test.—The boiling test recommended in 1870 l)y 
Dr. Alichaelis has \)vvu considerably used for deti'cting unsoundiiess. 
In making this ti'st a 2-in. ball of iu‘at cement paste of stamlard coiisist- 
(‘iicy is allowi'd to hartleii in th(‘ moist closet for 24 hr., or longer if liard 
si‘t has not l)een oblaimnl. It is then placeil in a pan of purt' water at 
normal room ttanperature. The temperature of the water is gradually 
raised to tlie boiling-point in not less than 30 min. After boiling for 3 hr. 
ihv ball is nanoved, allow tMl to cool without sudden cliilliiig, then exajnined 
for signs of disinti‘gration. 

423. The Autoclave Test.*—A still more stringent accelerated tt\st f 
has been used by the Portland Dement Association and may eventually 
displace the pat test. In this test tw o or more neat ctanent prisms 1 lay 1 
by 11 i in. long are molded from paste of normal consistency and proA ideil 
with } by s-iti. stainless-steel reference points centered in each end. The 
paste is placed in the mold in tw o layers and tapped 100 times with the 
glove-co^’ered forefinger as it is imwed foiward and backward along the 
mold tAvice. After the top layer has been compacted it is cut off flush, 

• Now ji stiiiuliiril. SiM* A.S.'r.M. Sninfljir4.s, Di*s. Cl 51-43. 

t Cur livsl procinliin* of Corniiiittnr (■ 1, sre Pror. A.S.I'.M., Vol. 3S, Pt. I, p. 2D7; 
fur rurre’s ti'sls, si‘i‘ Engr. A'rir.s, VdI. f)7, p. 1111 iinrl p. 1130; V'ol 6S, p. 80; Vol. 00, 
p. 1S5; Vol. 70, pj). 40, S2, 277; Pruv. A.S.T.M., Vul. 14. p. 240. 
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and the surface smoothed with the trowel. After 24 hr. in the moist 
closet specimens are removed from molds and measured for length at 
/O J. in a dial comparator reading to 0.0001 in. Tlu‘y are then placed 
in an autoclave. In the course of an liour, the steam pressure is raised 
to 295 lb./in.- (420° F.) and held constant for 3 hr. Flieii the autoclave 
is gradually cooled until the pressure is 10 lb./in.- or less in an hour. 
Specimens ara then removed and j)lace.d in boiling water, which is cooled 
in 15 min. to 70° F., when they are surface-drital and again ineMSured. 

Since the action of the autoclave causes a rapid hydration of either free 
lime or free magnesia, the expansion ineasurernents furnish a clue to the 
expansive effects of these elements. The autoclave test is far infni lirastic 
than the pat test. Imleed it is essential that more correlation Iw r)blained 
between the expansion of mortars of unsound eennaits iiiidi'r moist curing 
and in the autoclav'e before definite limits are establisluai lor llie autoclave 
test. For the present, a Portland cennait exhibiting in this test an expan¬ 
sion of 1 per cent or more should be viewed as unsatisfactory. 

424. The Value of the Soundness Test.—The slandanl acceleratetl 
soumhiess test is useful in detecting imsoundness caustMi by tln^ hyilratiun 
of finely ground free lime. Lerch, afttu' confirming the foregoing state¬ 
ment, in F.C.A. Fdlow.'!^hi'p Paper No. 20, state's tlial tin* amount of free 
lime necessary to cause unsouiulness may vary with different ceiiu'nis; 
that a ceanent with less than 1 pi‘r cent of frta> lime will usually l)e sound, 
whereas a cement having 3 per cent or mort' is likely to hv unse)uml. 

If a cement contains free lime which is coarsi'ly grouiul and highly 
burned, it is doubtful if the standard test will always rt'vi'al the uiisound- 
lu'ss. (See Tixhnologic Paper No. 43, p. 58.) It is ct)iiteiid(Ml, however, 
that the auloclava* test will. Extensive tests madi^ Ijy tlu‘ Ihiri'au of 
Standards {Techtwhigic Paper No. 47) on the oemi'uts which j)tLsse!d and 
failed in the autoclave tf^st and on concrt'tes maih; from thi*m difl not show 
that the strength of the concrete made from cements wliich failral in the 
autoclave was materially affected after a 2-yr. curing r)ut- of doors. 

From the rc'sults of Prof. E. 1). Campbell,* it appi'ars tliat th(! stand¬ 
ard steam pat test does nob always detect free magnesia. Ilis ti*sts show 
that only 4 per cent of freer magnesia is niMnled to caiisir water-curtMl cement 
prisms to expand linearly ovtrr 2 per cent. 

That the autoclave test is a valuable criterimi of the expansive influ¬ 
ences of magnesia in inoist-cured mortars is evidemeurd in the tirsts by 
Wibhey and Wendb.f Its value in jndicatiiig thir inflmmee of friMr lime 
is shown in Young’s tests.J The test is also a valuable indf'x for cements 
which are to be used in making steam-cured concrete products. 

* Jourruil of InduMrial ami Engineering Chfmnslry, XtA. 8, p. 1101. 
tPrr)c. A.S.T.M., V[)l. 35, Pt. 2, p. 42fi. 
t Proc. Ain. Cone. Jnst.^ Vol. 34, 1937, v. 13. 
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Time of Setting 

426. A.S.T.M. Method.— 

,36. The iollowin;^ are allcrnalxi methods, either of whinh may be used as sjjecified: 

Vicat Method. - 37. The time of setting shall be determined with the Vicat appara¬ 
tus de.seribed in Seelion 29. (See Fig. 4.) 

38. A paste of nonnal consisleney shall be molded in the ring G, Fig. 4, as deseribed 
in Seetion 30, and yjlaeed on the glass jdate H. The needle D of the rod B, Fig. 4, shall 
then be lowereil until it rests on top of a poriion of the glass plate which i)roiei;ts beyond 
the ring t/, and tlie adjustable indicator F set to the lower zero mark id the scale nr an 
initial reruliiig taken. The rod li shall then l)e raised, the needle I) carefully brought 
in contact with the surface of the pjLstc, and the rod quickly released. The initial set 
shall 1)0 said to have occurred when the neeille ceases to yiass a point 5 mm. above the 
gla.ss plate in 30 seconds after being released; and the final set, when the needle does 
not sink visibly into the paste. The test pieces shall be kept in moist closet or moist 
room during the lest. Care shall be taken to keep the needle clean, as the collection of 
reineiit on the sides of tlie needle retards the jjenetraLion, while cement on the point 
may increase the penetration. The time of setting is affected not only by the per- 
centiige and t.emiierature of the water used and the amount of kneading the paste 
received, but also by the temperature and humidity of the air, and its determination is 
therefore only ajiyiroximate. 

Gillmore Method. 39, The time of setting shall be determined V)y the Gillmorc 
needles. The Gillmore needles should yneferably be mounted as shown in Fig. 8 (^). 



(a) Pat with Top aurfacG natl.ciit5il for Deierniiiiing Time of Setting by Gillmore Method. 


Note Cross Anns miLst 
be l!)esigiifMl Uj Prevent 
their Itntiitiini about the 
Vm tifal Shfifi. 

liiiwer Ann Pi efernbly 
Ailju.sta,l)le fur IJeight. 




Detail of Needle Tips. 
llejilareiiblR Tips may be 
made of Stork Drill Hod or 
Wire Tempered After 

iShapiiig and Held by Suit¬ 
able Chuck or Other 

Fastener. 


Fio. 8.—Ayiparatus for Time of Setting Test. 


The needle tips shall be cylindrical for a distance of about in. The needle ends shall 
be plane and at right angles to the axis of the rod and shall be maintained in a clean 
condition. 
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In addition 
requirements: 


to the above, the Gillmorc needles shall conform to the following 


Initial Nej3Dlk: 

Weight.. 

Diameter. 

Final Needlk: 

Weight. 

Diameter. 


i lb. ± 8 grain.s (11:1.4 ,r. 4. 0 5 

iV 111. :4: 0 OOL* in. (j.lJ j_ 0 

1 lb. d_ 8 pruiii.^ ( l.'t.'bn g. 4 0,5 g.) 

-4 111. ± O.OOl’ ill. (I.IM) 11,ni. ± 0.05 mni.) 


40. A pat from r.pment pastr of noi-mal coiisistonry about in. in iliaMichM- \ in 
in thickness at the center with a Hat top and tapering to a tliiii J'l^. S (ri), .silall be 
made on a flat, clean glass plate about 4 in. square. In nioliling ihe jial the ircnicnt 
piLste shall first be flattened on the glass and the pat (lien foniied b^ drawing Itrowel 
from the outer edge toward the center, then flattening the toj,. The pal sliali lie ke|)t 
in moist closet or moist room at a Icmiierature of 21"'C. -t 1.7’C. i7(V , ^ F ) 

and a relative humidity of at least 00 per cent. The cement sliall be consi.lcreil hi have 
acquired its initial set when the pat will bear, without ai)|),vraal)Ie inibait at ion, the 
Gillmore needle iV in. in diameter, loaded to weigli J lb. The linal set has beiai acquired 
when the pat will bear, without appreciable indentation, the Gillmore needle in. in 
diameter, loaded to weigh 1 lb. In making the test, the needles idioli be liehl in’a verti- 
eal position and applied liglitly to the surfata' of the pat. 


426. Suggested Precautions.—Toi) grout oiupliu.sis cainnit iio luiil upon 
tho latti'r part of Soctioii 38. If rtJiablo r(\sult.s uro to be* obtuitunl tlio 
specimens should be made in a room at aiipruxiniattdy TO*" V. 1'lie wati'r 
used in mixing and the moist closet in whieli te>st-pieees sliould be tuned 
")ught alsf) to be kept at the same temptu-alure. 

Ill using the Vi cat apparatus, trial tests on time of initial std shouhl 
be made near the circumference of the ring leaving tdie cfuiter portion un- 
inarked for the final test. 3'he needle should never lie allowed to striki' forci¬ 
bly upon the plate 11. In testing with either devic(‘, final set may bi' consid¬ 
ered to have occurred when the needle fails to registtu’ a eircular indentation. 

427, Comparison of Vicat and Gillmore Methods. It will ])e apfjre- 

ciated that the determinations affordiul by either tif tin* al)ov(‘ nndhods are 
purely empirical and that there is no reason why thi* results obtained by 
one method should agree with those gotten by thf^ otlnvr. The only 
ctinclusion which can be stated is that either time of set determiiuMl by the 
Vicat apparatus is less than that gotten from the Gillrnon* neiMlles. Tlic 
discrepancy may range from a few miniites to over an hour. In a series 
of tests involving 594 specimens, six cements and thirty-four laboratories 
(see Kept, of Joint Conference on ihiiform Meihodii and Specifica¬ 

tions for Cement (April 28, 1915)), the discrepancies averaged about 20 
per cent for either initial or final set.* A comparison of these methods made 
in 1930 is shown in Art. 352. 

* For devices invented to record niitomalieally the .setting of cement, see Engr. News 
Vol. 46, p. 95 and Vol. 97, p. 66; Cement AgCj Vol. 13, p. 138, and Vol. 14, p. 88. 






392 


METHODS OF TESTING HYDRAULIC CEMENTS 


Tensile Strength Tests 


428. A.S.T.M. Method.- 

Test Specimen. 41. The form of test specimen shown in Fig. [) shall be used. 
The midds shall be made of iion-conoding metal and have sufficient material in the 
sides to prevent spreading during molding. Gang molds when used sludl be of the type 

shown in J'"ig. 10. Molds sluill be oiled 
with a mineral oil. The dimensions of the 

^_j g,,.,_briquet molds shall conform to the follow- 

! _ ing requirements: width of mold, between 

v. I ' inside faces, at waist line of briquet, 1 in. 

/ —1—\ / \ with tolerances of ±0.01 in. for old molds 

I- 1 \ and ±0.005 in. for new molds; thickncKS 

/ _ _ r'_V of new molds, measured at ]xiint of greatest 

\ \ / thickness on either side of mohl at waist 

\ / hue, 1 in. with tolerances of +0.004 in. 

\ \ —0.002 in. 

Standard Sand.—42. The sand to be 
I used shall he natural sand from Ottawa, 

c—“'~ d:_j >“ screened to pass a No. 20 sieve and 

r retained on a No. 30 sieve. This sand 

I HH may be obtained from the Ottawa kSilica 

Co., Ottawa, 111. 

+1 43. This sand shall be considered 

I standard when not more than 15 g. are 

ill ILL U illl U Y —LL- Ul\ m retained on the No. 20 sieve, and not. more 

Fid. 9.-I)rta,il« ti.r ® 

minutes continuoiLS sieving of a 100-g. 

samjde, in the manner specified for sieving 
cement on the No. 2fK) sieve (see Section 22). 

44. The No. 20 and 30 sieves .shall confonn to the requiremeiits for these sieves as 
given in the Tentative 8|)ecifications for Sieves for Testing Purposes (A.S.T.M. Desig¬ 
nation; Ell) of the American Society for Testing Materials.* 


-Details for Briquet. 



Fig. 10.—Briquet Gang Mold. 


Molding Specimens. 45. The standard mortar shall be mixed in accordance with 
tlu!! methods for mixing cement jiastes and mortars as described in Section.s 25 to 2S. 
Immediately after mixing, the mohls, resting on unoiled glass or metal plates, shall he 
filled heaping full wilh[)ut cum])actiiig. Then the moHar shall l)e pressed in firmly 
with the thumbs, applying pre.ssure 12 times to each briquet, at points to include the 

* 1E13B Bonk of A.S.T.M. Slantiorfia, Part 2, p. 1413. 
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entire surfnee. The pressure shall be such that the simultaneous applifation of l)olh 
thumbs will register a pressure of between 15 and 20 lb. Each appliciMioii oi The tliumbs 
.hall bp inaiiiLained not longer than sufficient to atfaiii the specified pressure. Then 
■ he mortar shall be hea^ied above the mold and smoothed off with a trowel. The trowel 
shall be drawn over the mold in such a manner as to exert a pressure [)f not moie than 
1 Ih. The mold shall then be turned over upon a plane plate oiled with mineral oil, 
and the operation of heaping, thiimbiiip, heaping and smoothing off re|)eated. No 
niiiiming or tamping shall lie used, nor any troweling in excess of that renuireil to smooth 
(iff the specimen. The thickness of the hardened briquet at the waisi line ujioii renioval 
from mold shall be 1 in. ±0.02 in. 

Storage of Test Specimens. -40. All test speeimcns, iinmedialely aflr*r molding, 
.‘^hall be kept in the molds on plane plates in the moist closet or moist room for fi'iin 20 
to 24 hours in such iiianiicr that the upper surfaces shall be ex])osed to the moist .lir, 
l)ut protected from dripping w^ater. 

47. The moist idoset or moist room shall he so const curled as to proviiie storage 
facilities for test specimens at a lelalive humidity of not less tliaii DO per c-ent and at a 
temperature of 21" C. ±1.7" C. (70" F. ±3" F.). 

48. The briquets shall then he removed from the molds and iminerstMl in clean 
water in storage tanks lajustructed of non-corroding materi.al. Tlie storage water shidl 
1)0 kept clean by frequent cliaiiging. If briquets should lie removed from molds before 
24 hours, they .should lie rejilaced on .shelves of moisi closet, until pxj)iraiii a of tlie 24-hour 
period. 

Tensile Strength Test.-- 40. The briquets sh.all be tested as soon as they are removed 
From the winter. Tests may be made wdth any mardnne nieeling the following riMiuire- 
inents: The error for loads of not le.ss than !()() lb. siiall not exceed ±1.0 y)er cent for 
new mardiines or ±1.5 per cent for iiserl macliines. The cliy)s for holding the tension 
te.st sjiecimeiis shall l)e in accordance with Fig. 11. Tlu* l)caring surfaces of (he cliy)s 
and Ijriquets .shall be free from .sand or dirt, and the roller l)carings shall be well oiliMl 
and maintained so as to in.sure freedom of turning. Tlie liriquets shall be can^^lllly 
centered in the clip.s and the load applied contiiiuoasly at. the rate of 1U)0 lii. ±25 11). 
per minute. 

50. Te.sting machines .rfiall be frequently calibrated in ordiM’ to deterinine their 
accuracy. 

Faulty Briquets.—51. Briquets that are manifestly faulty, or wdiich give .strengths 
differing more than 15 per cent from the average value of all lest speciinen.s made from 
the same sample and tested at the same period, shall not be coii.sirJered in determining 
the tensile strength. 


429, Reasons for the Tension Test.—Althoug;li little rnliauee is placful 
upon the low tensile streiig:th of concrete in making .structural dc.sign.s, 
th(' majority of strength te.st.s on cemenl.s art' ten.sile. This anomalou.s 
t’ondition is due chiefly to three cau.ses: first, the tensile .strtmgth is suppo.sed 
’0 be a measure of the compre.ssive strength; .second, the ten.sile .stTcrigth 
^'■Tord.s quicker indication.^ of defects in the cimnuit than other .strength 
b sts; third, this te.st is more conveniently made than the compression test 
^ince the small specimens used may be tested on an inexpensive machine 
^51 small capacity. The first of the above argumturfs is decidedly fallacious, 
uice the ratio of the .strength in tension to the strength in compression 
aries considerably with the strength of the mortar or concrete and to .some 
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extent with the type of cement. It may also be argued with considerable 
force that the form of test-piece, methods of mixing and molding, and the\ 



method of gripping are of such nature that compression tests of cubes can 
be made with as little variation ai? tensile tests on briquets. Figure 12 
shows average ratios of compressive strengths of concrete made with a 
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water-cement ratio of 1, by volume, to the tensile and to the compressive 
strengths of 1 : 3 mortars of standard Ottawa sand. (From the 1934 
report of Com. C 1 of the A.S.T.M.) It will be noted that the ratios of the 
compressive strengths are much more nearly constant. Further data on 
the comparative reliability of mortar tcaision aiul compression tc'sts was 
reported by Com. Cl in 1938. 

The data presented by the Project Committee on Cements of the 
Highway Research Board (see Proe., 

1936), show that 2 by 2 by 10-in. 
prisms can be made to vield reliable 
indices of both the flexural and com¬ 
pressive strengths of cements. Since 
the flexural strength is directly related 
to the tensile strength, this test 
appears ideally fitted to give infor¬ 
mation both with regard to tensile 
and compressive strengths when the 
supply of material for testing is 
small. 

In specifications for Portland 
cement it seems desirable to include 
both tension and compression re- 
iiuirements on 1 : 3 mortars of stand¬ 
ard consistency as has been the 
practice in many foreign countries.* 

430. Indications Afforded by Neat 
and Mortar Tension Tests.—Neat 
cement paste, though unstable un¬ 
der atmospheric conditions, is occa¬ 
sionally tested in tension after 12 
to 24 hr. to ascertain the rate of 
hardening. 

Tension tests of mortars must be considered as rating sensitive indices 
of quality 'provided standard conditions are inainiained. As measures of the 
compressive strength of concrete they are ordy rough critt^ria. 

When the time allowed for testing is short, tests on 1 ; 3 mortar 
briquets of standard sand give valuable indications of quality. Such 
i riquets should exhibit a strength of 210 lb. per sq. in. at 3 days. Care 
eiust be taken, however, to maintain moist closet and w^ater bath at 70° F., 
^iiice tests at the University of Wisconsin have shown that the strength of 
bday mortar briquets may be decreased 20 lb. and that of 7-day briquets 
b) lb. by immersion in water at 60° F. 

* Now a stfimlanl. Set* A.8.T.M., Dc\s. Ch0a44, and Cl50 40. 



Fio. \2 .—Kiliilirni of ,SlTi‘iigths of 
HOiiidard OliawM. Sand Morlars lo 
Cninpn‘.s.siv(‘ StroiiKtli [if Concrete. 
(Hrpt. Corn. Cl, A.S.T.M., 1934.) 
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431. The Theory of the Distribution of Stress over the Minimum 
Section of a Cement Briquet has been developed by M. Durand-Claye 
in Annahfi des Pouts et Chaiissees, June, 1895. He found for the form 
of briquet shown in Fig. 9 that the ratio of the maximum to the minimum 
unit stre.ss was 2.12 to 1 and the ratio of the maximum to the average 
unit stress was 1.54 to 1. Prof. Coker in Proc. I.A.T.M., 6th Congress, 
1912, gave proof based on experimtmt that the latter ratio was 1.7 to 1. 
These investigations show that the intensity of stress is greatest along the 
sides of the minimum st^clion and least at the center. 



Fig. 13.—An Olsen Autinnatic Shot 
Brirjunt. Tester. 


Fig. 14.—A llichlr* Motur-Driven 
Autonuilic Briquet Tester. 


432. Precautions to Observe in Molding Briquets.—The operator 
should note well that Section 45 of the Specifications prohibits the use of 
rammers in filling the molds. When such devices art' used, or when the 
molds are fillt'd in thin layers, the early strength of the specimens will be 
greater than if made in the standard manner. Care should also be taken 
to si*(' tliat tilt' minimum cross-section of the briquet is exactly 1 in. 
thick. Britinets varying in thickness from the above dimension will be 
ecct'ntrically loadeii when tested in standard grips; and, as a result, their 
load-carrying capacity will be decreased. To assist in estimating the 
correct pressure in molding, inexfK'rienced operators should practice mold¬ 
ing on platform scales or on delimeters. 

433, Types of Testing Machines.—A A ery efficient and simple device 
for testing the strength of briquets is shoAvn in Fig. 13. In starting the 
test, sufficient fine shot is placed in the bucket, b, to counterbalance the 
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\^ eight, w. After the briquet is adjusted in the grips • or clamps, 
rhe trigger, /, at the bottom of the bucket is released; this opens a valve 
\vhich allows shot to flow down into the cup, c. As the shot flows from 
the bucket the weight, Wj moves downward; and, through the lever 
system, a stress is produced upon the briquet which is proportional 
to the shot lost. To keep the beam in the central position, the crank, 
is turned in the clockwise direction. When the briquet breaks, the lever, ly 
is tripped, releasing the spring in trip-lever, r; thus the valve is immediately 
closed and the flow of shot stopped. The spring balance is graduated to 
read the load on the briquet to the nearest 5 pounds. 

Figure 14 shows a precision automatic briquet tester in which the load 
is applied to the specimen by a poise traveling along the single loading 
lever. Hie rate of loading is positive and constant. Poise stops instan¬ 
taneously with the fracture of the test piece, and the load is read directly 
from the loading lever. 

434. The Effect of Eccentric Loading on the Strength of Briquets.— 

In making briquet tests it is of great importance that the load shall be 
centrally applied. To avoid errors from such eccentric loading, the roller 
and pivot alignment of new sets of grips should be carefully checked to 
see that tht* load line coincides with the axis of the specimen. Similar 
checks should be periodically made on grips siilqect to severe usage. 
Furthermore, tlu'. operator should see that any projecting edgt's are removed 
from the specimens, that the rollers work freely and have a bearing over 
the entire width of the* bric|uet, and that the specimen rests against the 
bars on the back of the clips. Tests made at the Massachusetts Insti- 
ture of T(‘chiiology * show that a displacement of jV hi. will decrease 
the strength from 15 to 20 per cent. 

Since Viriquels become more brittle with age, the effect of a slight 
eccentricity or any torsional strain will be more marked in long-time tests 
than in those made at an early age. 

436. The Effect of the Rate of Loading on the Strength of Briquets.— 

A number of series of experiments have been marie to determine the effect 
of rate of loading on the tensile strength of bririuets. These show that 
the strength increases with the rapidity of loading. Since variations of 
100 lb. per min. in the rate of loading may cause changes of 2 per cent 
in the observed strength,f the operator should frequently check his 
machine to see that the speed of loading conforms to requirements. 

436. Number of Specimens.—It is good practice to lireak from three 
to five briquets at each period. If the work is carefully done an indi- 
xddual result should not vary more than 10 per cent from the mean. 

* Tram. Am. Sac. MerJi. Erigr., Vol. !), p. 181. 

t Sf'R experiniL'iits by W. P. Taylor in his PracHrnl Cement Ttsling, p, 148; also 
Wheeler’s tests, Rejwrt of Chief Engrs., U. S. A., 1895, p. 2951. 
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437. Calibration and Standardization of Equipment.—The National 
Bureau of Standards maintains a Cement Reference Laboratory which, 
upon request, will furnish instruction with regard to standard methods of 
making tests and proper procedure in care and calibration of equipment. 
The Bureau’s Circular No. 9 gives requirements for graduates and burettes; 
Handbook M 85 covers calibration of balances and weights. Periodically 
the weights, diameters of needles, and conditions of the ends of needles on 
Vicat and Gillmore Needles should be checked. Briquet molds should be 
checked to see that they are properly mated and the thickness and width 
at the minimum section should be measured. Briquet-testing machines 
should be tested for accuracy and sensitivity and, if necessary, the knife 
edges should be sharpened. Roller bearings on grips and rate of flow of 
shot should be checked daily for freedom of revolution and at least once a 
month for alignment. 

43B, Moist Closet.—The temperature in the moist closet should be kept 
at 70“ r.±5° F. A suitable form of closet is that shown in Fig. 15; one 



Fin. 15.—Mni.st Clns^rt. (From Conrrviv^ Plain and Rvinfarced; 
by Taylor and Thomj)Hon.) 

made of concrete is described by E. B. McCready in the Engr. NewSf Vol. 
58, p. 107; an elaborate closet, designed for constant temperature, is 
described by W. F. Purrington in Concreie.j Oct., 1927, p. 47. 

439. Storage Bath.—After specimens are removed from the moist 
closet they should be stamped or marked with a lead pencil or waterproof 
crayon before immersion in the water bath. Briquets should be marked 
near the ends. The bath should be supplied with pure running water 
or the water in the tank should be changed daily. If this is not done, the 
salts liberated in curing form solutions which affect the strength of the 
specimens. A convenient water bath is shown in Fig. 16. 

For the effect on strength of early removal of specimens from storage 
bath i>ee Fig. 12, Ch. IX. 
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THE INTERPRETATION OF THE RESULTS OF STANDARD TESTS 

440. General Recommendations.—The student should always bear in 
mind that the tests are only of qualitative value for the purpose of com¬ 
paring the sample with a standard, adopted after long experience, or to 
compare it with previous samples of the same brand of cement. There¬ 
fore, before accepting or rejecting a cement, he should carefully con¬ 
sider the relative value of tlu^ results of each test and the conditions 





Froni" Eleva't'ion. Side Eleva-tion. 


Fig. Ifi. —Sketch of Storage I'anks for Briquets. (From Taylor’s Practical Cement 

Tenting.) 

under which the cement is to be used. Furthermore, one should not 
condemn a sample unless certain that the conditions surrounding each 
test were standard. Any uncertainty in regard to a result should be 
removed by performing a second test under standard conditions. Below 
will be found a brief discussion of the criteria determining the accepta¬ 
bility of Portland cement arranged in order of the importance of the vari¬ 
ous tests. 

441. Soundness. —If one or more steamed pats show signs of dis¬ 
tortion, checking, disintegration or radial cracks (Fig. 6) the cement should 
be rejected; or if conditions permit the cement may be stored and further 
soundness tests made. 
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Although the accelerated soundness test is made under abnormal 
conditions, yet the results of a thousand boiling tests made by W. P. 
Taylor on tlifferent brands of cement bear witness to its value, lie found 
that about one-thii d of the cements failing in the boiling test gave evidence 
of unsoundness in air-cured pats or a retrogression in strength inside of 
twenty-eight days; within one year approximately seven-eighths of these 
cements had given like evidence of unfitness. Furthermore, only one- 
half of 1 per cent of the cements which passed the boiling test showed 
signs of unsoundness in the air pat tests and only 13 per cent retrograded 
in strength within the 3 "ear. 

442. Tensile Strength.—Reject the cement if the strength at twenty- 
eight days is h^ss than rerjuired by the specifications. If the strength of 
the mortar lirirpnds at- tw('nty-eight days is less than at seven days, 
reject. If the strength of mortar briquets is a trifle l)elow the standard 
at seven ilays but is a])Ove at twenty-eight ilays, accept the cement. 
If judgment must be passed upon a sample at the end of st^vim days, 
reject on a decidedly h)w mortar test. Mold fr)r twenty-eight days if 
the mortar strength is slightly b(*low th(‘ standard. 

443. Time of Set.— If the cement does not pass th(^ specification in 
the laboratory test, determine its behavior under conditions in which it 
will be used before condemning it. Slow fifial set may be due to coarseness, 
which will also affect tlie tejisile strength of the mortar briquets. 

444. Fineness.—Inasmuch as no sieves made at the present time are 
sufficiently fine to determine the percentage of flour, the important cement¬ 
ing element, this test has only corrol)orative value. Generally, a coarse 
cement will exhibit a low mortar strength and will oftentimes fail in the 
soundiH'ss lest. Surface area measurements by turbidimeter are move 
ijiformative than the results of sieve tests. 

For further information on interpretation of results of cement tests, 
consult AV. P. Taylor’s Practical Cement TeMing or It. K. Meade’s Portland 
Cemcf t. 


MISCELLANEOUS TESTS OF CEMENTS AND MORTARS 

44B. Tests on Cement for Research Purposes.—Cement for research 
purposes should be tested in strict accordance with the standard specifica¬ 
tions. In order to obtain representative results and to eliminate personal 
equation and variable laboratory conditions, it is desirable to make at 
least five specimens for each variable of the test. Such specimens should 
be made on different days so that each final average of five or more speci¬ 
mens will represent as many different batches. 

For ascertaining the concrete-making properties of cements, tests made 
on concrete according to the Standard Alethods of Alaking Compression 
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Tests of Concrete (A S.T.M. Standards C 39-33, see App. A) are more 
effective than briquet tests. 

446. Preparation of Materials for Mortar Tests.—Mortar tests are 
usually made to determine the quality of the mortar or the suitability of 
line aggregate for making mortar or concrete. The Portland cement used 
in such tests should conform to standard specifications, unless it is one of 
the variables of the test. 

In determining the quality of a mortar, the aggregate should be screened 
to a size suitable for the specific purpose for which it is intended. In deter¬ 
mining the concretcymaking quahties of a fine aggregate, the aggregate 
should be passed through a No. 4 sieve or a J-inch screen. 

Aggregate should preferably be air-dry. When sands are to be used 
on the job without drying, they should also be tested with their natural 
moisture contejit. The quantity of water they contain may he dt'termined 
on separate samples and the w^eights of sand and water used in the tests 
determined accordingly. 

447. Determination of Normal Consistency in Mortar Tests.—A small 
flow table having a top diameter of 10 in. is a satisfactory device for measur¬ 
ing the relative consistency of mortars. A conical fnistum having a top 
diameter 2.75 in., bottom diameter 4 in., and altitude 2 in. is placed in the 
middle of the table. After the mortar has been mixed in the standard 
manner (Art. 414), it is placed in the frustum in two layers. Each layer is 
rodded fifteen times with a J-in. rod and the mold is removt^d. By means 
of a cam, the table is then raised 2 in. and dropped 25 times in 15 seconds. 
The index of consistency, the flow, is determined by calculating the ratio 
of the diameter of the mass after vibrating to the original base diameter 
of the frustum and expressing the ratio as a percentage. 

In mortar tests on the structural strength of fine aggregate, standard 
consistency obtains when the mortar exhibits a flow of 100dz5 after being 
subjected to 30 J-in. drops in 30 seconds. 

44B. Compression Tests of Mortars.—A 2-by-4-in. cylinder of cold 
drawn brass tubing split along one element makes a satisfactory mold for 
mortar compression specimens. Two-inch cubes may also be used for 
mortar tests. Although cylinders have the advantage mentioned in Art. 
113, they require capping. On the other hand cubes maile in true molds 
may be tested by loading side faces. Since average unit strengths of 2-in. 
mortar cubes and cylinders are practically the same, the smaller cube 
specimen is favored by many for such tests. Approximately 5(K) grams of 
cement and sand are required for one cylinder and 320 grams for a cube. 
Standard procedure, Art. 414, should be used for mixing. Mortar should 
be placed in cubes in 2 equal layers, in cylinders in 3 layers. Each layer 
should be rodded 25 times with a |-in. rod. After 3 or 4 hours tops of 
specimens should be struck off to a smooth surface. Specimens should be 



402 


METHODS OF TESTING HYDRAULIC CEMENTS 


cured in molds in moist closet lor the first 24 hours and thereafter in water. 

Cylinders must be capped with plaster of Paris or equally suitable 
material prior to testing, without permitting them to dry. An oiled glass 
plate should be forced down on the capping to produce an even surface. 

In testing, to 5 specinK^ris should be broken at each test period, using 
a spherical bearing block. The speed of the movable head for loads in the 
vicinity of tlu^ maximum should not exceed O.Od in per min. 

449. Transverse Tests.—Although transverse bending tests of cement 
mortars have bf*en used to some extent, the}^ have not been a specification 
requirement. Such tests can bf‘ made with less expensive molding and 
testing i‘quipment than required for either the tension or compression test. 
When properly madt' thr^y furnish as concordant results as either of the 
latter. 

M. Duranrl-( day(^ has shown by very extended series of tests in tension 
and in oross-bfuiding, on iderjtical samples of neat Portland cement, that 
the avfuage iiit io of the modidus fd rupture in cross-bending to the tensile 
strengtli, as rlrdtuniined upon standarrl forms of bricjuets, is l.f)2 at seven 
days and l.SO for twr^nl.y-eight days, or an average of 1.89. This rela¬ 
tion was found to siilisist btdAvefui averages made up from the means of 
the three ti'sts in each set of six, in ])oth tension and cross-bending. The 
mean (UTor of a singh' test at twenty-eight days was found to be 2.10 
per cent for the truision t(^sts and 2.13 per cent for the tests in cross- 
Ixinding, thus showing that the two methods of testing wcire equally 
accordant. 

For morliirs of aggregates under J-in. in size, a prism 1 by 1 by 6 in. 
tested uinlei’ center load over a r)-in. span makes a satisfactor}^ specimen, 
(rang mol (Is of non-eorrodible mc'tal holding five such prisms can be made 
very cheafdy. Twelva^ hundred grams of dry material is ample for making 
five such sp(‘einu‘ns. 

At h‘a.s( tliiee, and pieforabl}' five, specimens should be broken at each 
test jxuiod. Tlu^ auiomatic shot briquet t(‘sting machine (Fig. 13) can 
lx> providtal witii an auxiliary breaking attachment for these prisms in the 
space bet wi'en the frame and shot bucket (1)). 

By inst'rting non-corrodible plugs in the ends of the cross-bending 
prisms, they can also be used for expansion measurements, although a longer 
prism is preferable. 

460. Methods of Testing the Adhesion of Cement and Cement Mortars 
to Various Substances.—While the tensile strength of briquets shows the 
cohesion of the moriar, it has been found by exp^^riment that its adhesion 
either to other mortars or to the same mixture which has already' 
hardened, or to brick or stone or metal, is ver>^ much less than its co¬ 
hesion. It is important, therefore, to have a standard test of adhesion, 
as well as of strength. Because tests of this kind are comparatively 
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new, no general custom has been established in America on the subject; 
but the following recommendations have been made by the French 
CommissiDn: 


(1) For tests of adhesion of cements and ceinent-mortars use will be 
made of a special form of briquet, molded in two parts, these two parts 
consisting of the tw^o materials wdiose 


adhesion is to bo tested, provided both 
can be molded, or containing between 
them a prism of the solid body to which 
the adhesion of the mortar is to be 
determined. The form of this brirpiet, 
as modified for English units, with 1 sep 
in. of area on the surface of adhesion, 
is sht)wn in Fig, 17. This mold is formed 
in two parts, and is useil to form in 
succession the tw^o halves of the com- 
plet(i briquet. 

(2) To compare the force of adhesion 
of different cements to a giren ninterial, 
normal adhesion-blocks will !;)(* preparerl 
as follows: I'se for thesis always o:n*. 
kind of standard Fortland cement w'hi( h 
has passed a sit've of eiglity mesli(‘s tt 
the linear inch, mixed wi(h the slandan. 
sand No. 3 (sand passing a No. lo and 



ric. 17.—-Fnrm nf Briqunt for Ad- 
}u‘si(»ri 'i (‘sl Ilf ( as AdDpied 

by tbi’ I'rL'ni'li FimiiriissiDii and 


held on a No. li si(*ve) in tin* proportion Aduplrnl to lvij|.j;li,sh Units. 


of one of cement to two of sand. 


These normal adhesion-blocks wall be inoldetl in the form of one half 


of the britjuet shown in Fig. 17.* It will l)e gaged wdth 9 per cent 
of water and rammed into the mold. At th(‘ laid of twenty-four hours in 
air it will be placed in fresh water for a period of at least twamty-eight ilays. 
When it is to be used, it wall first be dried and its adhesion-surfaci^ polished 
with emery-paper. 

(3) The cement to be tested for adhesion with these standard blocks 
prepared as above will be mixed as a normal plastic mortar, one of ceimuit 
to three of sand (the consistency advocated is about the same as the 
A. S. T. M. recommends), which will be introduced into the mold with a 
trowel, this mold now being placed with a normal adhesion-block at 
the bottom in place of the movable metallic disc. Thi^ mold will remain 
upon this completed block until it is ready for ti\sting, and the block will 
be allowed to harden either in air or water, and for such period as the test 


* The drawings of these molds are given in Cum, des Methodes lyEssai Mfit. 

Const, Vol. 4, p. 284. 
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requires. It is recommended that^he number of tests, the periods of time, 
the methods of hardening, and the recording of the results should comply 
with the conditions given for tension tests of cement. 

(4) To compare the forcf of adhesion of a given, cement to different mate¬ 
rials: For this purpose tjie test-specimens will be prepared as described 
above, except that in place of the normal adhesion-blocks similar blocks of 
the various materials to be tested will be prepared and allowed to harden, 
provided these are such as can be molded in this manner. If such mate¬ 
rials are solid, smalV discs, about f in. thick, will be prepared, and these 
will be used in the,bottom of the mold in place of the metallic disc, the 
adhesion-block to 4)e completed by using neat Portland-cement mortar. 
After this has hardened the Vuitjuet will be completed by making the other 
half of a standard plastic mortar, one cement to three of sand, using the 
particular kind of cement whose adhesion to these various substances is to 
be tested. 

If the normal plastic mortar is not used in adh(‘sion tests, a full descrip¬ 
tion of its composition should be indicated on the records. 

These adhesion-briquets should be broken on a standard tension¬ 
testing machine, using the regular tension-clips.* 

In connection with the methods of testing adhesion, one should also 
examine the report of Feret on ‘‘Mie Adhesive Strength of Hydraulic 
Cements,” Proc, I.A.T.M., Brussels Congress, 
1906, Prn;)lem 10. As the result of a number 
of experi ufaits Feret advocates the use of a pris¬ 
matic sp ecimen 4 by 4 by 16 cm. (1.6 by 1.6 by 
6.4 in.' in dimensions, one end of which is bonded 
to the body with which adhesion is to be tested. 
He outlines very careful methods for mixing, 
molding, and curing the specimens and recom¬ 
mends that the prisms be t orn apart b 3 ' subjecting 
them to a unifonn him ding mom (ait. 

A con.siderably used arrangt^ment for deter¬ 
mining the bond of mortar to brick is shown in 
Fig. 18. The area bounded on one brick is 12 
to 15 sq. in. Fen successful use at least 5 speci¬ 
mens per point should be made, and unifonnity 
must be maintained in conditioning the brick, making the joints, curing, 
and in centiuing the apparatus on the specinums in testing. 

461. Methods of Determining Yield.—This test is used primarily to 
determine the volume of paste, mortar or concrete which can be oVitained 
from given proportions of the ingredients. It is also possible to determine 

* In ordcT Ihiil the sppniTicns may fit A.S.T.M. grip.s, a slight modifiration of tho 
above form will V.i‘ found nt'cpssiiry. 
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the density of the mixture from the test, if the weights and specific gravities 
of each ingredient are known. 

The French Commission recommended that the yit'M be determined 
in either of the following ways: The volume of 1 kg. of neat cement paste 
or mortar of proper consistency should l)e measurr'd V)y conipactiiig in a 
glass burette about 2| in. in diameter, due care being taken to expel any 
entrained air ; or, the srd paste may be weighed in air and in watf‘r and the 
yield computed from the loss in weight. See also AH . 4t)d. 

452. Methods of Testing the Permeability of Cements and Mortars.— 
The permeability of cement-mt)rtar is often a very important matter, 
as in the case of reservoir wcdls and 
linings, and often in foundation walls 
placed below ground-water level. 

Prof(‘ssor Tetinajfa- has used the appa¬ 
ratus sliown in Fig. 19 to obtain a modulus 
of permeability. Here a cylinder of the 
mortar is made and allowtnl U) hardtai 
under wat(‘r for a specified time. It is 
then moulded in the ajiparatus by means 
of annular rubber-cushion or packing discs, 
and the water let on bc‘low under a known 
pressure. "Jlie permeability of the niort ar 
is indicated hy the rate? at which tin* water 
passes the disc and rises in tin* glass tube 
above, which is graduated to cubic c(*n- 
timeters. Also see nu'thods in Art. 524. 

453. The Estimation of the Con¬ 
stituents in Mortars or Concretes. 

Often a knowledge is desir('d concerning 
the proportions of ct'irn'id and aggregate 
in a finished concrete structure. Rough 
determinations can be made by examin¬ 
ing several representative samjiles under a 
microscope and estimating the proportion 
of the field covered by each constitueid. 

A more accurate analytical' method is given in Ihdhtin 61, Engineering 
Expt. Sta., Ames, Iowa. (Also sf*(‘ A.S.T.M., J)i*s. O 85-36.) 

In order to test the homogeneity of fr(\sh concri'tr^, to check variations 
of manufacture, and to establish better fii‘ld control ovt‘r mixes, analyses of 
fresh concrete can hi* inadt*. 1"his can be done by wet screraiing the con¬ 
stituents and measuring their absolute volumes by wc‘ighing them under 
water. An effective method for so doing is described by W. M. Dunagan 
in Bulletin 113, Engr. Expt. Sta., Ames, Iowa. 



Poj. 19.—Trtin.ijiT’s ApiKiratiis for 
3'i'siing ihif PtTinr.iIjility of Co- 
mnnt-iiiurlfir. (Milii iiuTigRn der 
Mill eri al-prii f 1 1 iigs- An si: ill, Poly. 
Zurich, Vol. 0.) 
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MAKING MORTAR AND CONCRETE 

464. Introduction. —When using concrete and mortar in construction 
the engineer is placed in the position of a manufacturer who fabricates a 
finished structural product from several raw materials. It is, therefore, 
necessary that he should l)e thoroughly cognizant of the properties of the 
constituent materials and the methods of handling them in order that a 
satisfactory product will result. In view of this consideration and in view 
of the great number of concrete constructions now being built, we shall 
pay considerable attention to the important factors which enter into the 
making of mortar and concrete. 

It will be appreciated that very often the ideal conditions hereinafter 
mentioned cannot Ix'- attained in practice: Old cement must sometimes 
be used; only a fine-grained sand is attainaVde; the gravel is dirty or is of 
decidedly variable gradation and cannot be economically screened; a 
very wet consistency must be used on account of difriculties encountered 
in placing the concrete; or no care can be given to providing suitable curing 
conditions. Very often such undesirable conditions may l)e offset, to 
a large extent, by increasing the proportion of cement in the mixture. 
Many times it will be found economical to use local material of poor qual¬ 
ity in a rich mixture rather tlian to ship in a superior sand or gravel and 
use a lean mix. Then, too, there is often a wide variation in the finished 
concrete due to methods of handling.* Changes in consistency may easily 
produce variations of 100 per cent in strength and the methods of mixing 
and placing ado])ted by different concerns may also be responsible for as 
wide variations in profxaties. All of these facts emphasize the necessity 
□f testing samples of concrete, made under the conditions of practice, 
before deciding upon the proper mixture to use; and also, they point out 
the importance of testing the product as used in the work. 

Owing to the haste with which concrete structures are often built and 
the lack of facilities for testing, there has been a great reticence on the part 
of engineers to specify tests of concrete. They have framed specifications 
containing demands for certain more or less easily deterniined properties 
of the cement, sand, and broken stone; have called for certain proportions, 
and have stipulated a method of mixing; but definite specifications for 
the properties of the manufactured product arc in most cases wanting. 

See results obtedued by U. S. Bureau of Standards in Technologic Paper No. 58 
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An undue reliance is placed upon the acceptance tests of the constituent 
materials. These tests are valuable and serve to eliminate most poor 
material. Nevertheless, the acceptance tests sometimes advocated for 
sands are not always true criteria of the relative values of the concretes 
made from them, and sometimes cause the rejection of satisfactory mate¬ 
rial. Bearing these facts in mind, we shall now consider the properties of 
aggregates and the methods of testing and 
proportioning them. In order to appre¬ 
ciate better the significance of certain 
much-used terms their definitions will re¬ 
ceive first attention. | Aspirator 

Dottlis 

DEFINITIONS ' '' 

466. Mortar.—A mixture of sand, 
screenings, or similar inert particles, with 
cement and water which has the capacity 
of hardening into a rocklike mass is called 
mortar. In general the maximum size of 
the inert particles in mortars is less than 
i inch, 

u 456. Concrete.—A mixture of crushed 
stone, gravel, or similar inert material witli 
a mortar is called concrete. The maximum 
size of inert particles in concrete is variable 
but is ordinarily under two indies. Rulible 
concrete is made by embedding a consider¬ 
able proportion of large boulders or blocks 
of stone in concrete. 

467. Cement.—The binding agencies 
most commonly employed in making con¬ 
crete are the hydraulic cements and the 
bitumens. In this book only concrete and 
mortar made from the hydraulic cements 
will be considered; and, whenever, in this 
and succeeding chapters, the term concrete 

or mortar appears unqualified, Portland cement should be understood 
to be the binder. For information concerning the properties, the 
methods of testing and the standards for cements, reference should be 
made to Ch. IX, X, XI and XII. 

‘*"^468. Aggregate.—The inert particles within concrete or mortar com¬ 
prise the aggregate. Although no hard and fast division can be made 
sands, screenings, mine tailings, pulverized slag, etc., in which the max- 




for 


Sen' DU 


Firj. 1.—Appanitii.s for Deter¬ 
mining Amount of Silt in 
Aggregate. 
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niuin diameter of particles is less than \ in. may be classed as fine aggre- 
'fiinte; crushed stone, gravel, cinders, slag and the like (jontaining larger 
particles are called coarse aggregate. 

469. Silt is thf? impalpable dust which is present, at least in small 
proportion, in ni^arly all aggregates. The amount of silt can be determined 
with tlir^ apparatus shown in Fig. 1. One f)r two hundred grams of dry 
fine aggregate is (jarefully weighed, placed in the per(!olator and washed 
by a stream of pure water from the bottle (/>). The silt is continuously 
stirred with a glass rotl until the effluent from the percolator becomes clear. 
Tlio residue in the percolator is then dried, and the loss in weight detcr- 
f 1 mined. If an analysis of the silt is desired the effluent 

from the [)ercolator is filtered, and the residue on the 
filt.er is dried and analyzed. In order to obtain consis¬ 
tent rf'sults th(‘ ilimensions of the percolator, velocity of 
flow of wat.(‘r, size of orifice and inethotl of stirring should 
l)e st andardized. 

v/ 460. Specific Weight.— The weight of an aggregate 
contaiiKMl in a measure of unit volume is called its spe¬ 
cific weigld. Generally the units of vohune used in this 
(a)iintry are the cul)ic foot, anil the eul)ic yard. 

Inasmueh ns this detennination is affected lyy the 
moist,uri‘ content of the aggregate due consideration 
of the latter should lie given. In specific weigld, det(‘r- 
ininatioiis on fine aggregate tlie results for dry material 
cannot, lu* aeiairately (‘oinputed from tests in which t!ie 

,, , , mnislure content is suffieient t o wet, the surfaces of tlie 

I'll;. 2. Viiiiliiu'ti'r. 

particles. (Sei* Art.. 171.) Obviously the degree of 
compactru'ss of the mat.erial also greatly iulluences tl e 
specific weight; hence the adjectives rammed, com]jacteil, shaken-ilowii 
and loose are used. Loose measurement is often used in the field. 

Till' method recommended in the A.S.T.M. specifications (Ser. Des. 
C 29 27) for determining the specific waaght of aggregate consists of 
filling a cylinilrical measure of xVj 1 cu. ft. capacity and ileter- 

inining the ni‘t w'eight of the aggregate in the measure. The sample of tl.e 
aggregate shall be room dry if possible, and thoroughly mixed. The mea¬ 
sure shall be filled one-third full, leveled off, and tamped twa'ntA'-fi’\ e 
times with a '^-in. pointed rod. The measure is tilled two-thirds full and 
tamptal tw^enty-five times as before. The measure shall then l)e tilled to 
over-flow ing, tamped twTnty-five times, and the surplus aggregate struck 
off, using ihe rod as a straightedge. No effort should be Jiiaile to fill holes 
left by the rod when the aggregate is damji. The size of measure to l>e 
usc'd is determined by the size of aggregate, the cii. ft. to be used 

for aggregate whose particles are under | in. The and 1-cu. ft. inea- 
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surps are for aggregates whose partieles are viiuler \\ in. and over 1| in., 
respectively. (See also Kept, of Coni. (; 9, Proc, A.S.T.AL, 1938.) 

461. Voids. If an aggregate is poured into a eontainej’ of any sort 
it will be observed tliat not all of the space witliin I he i‘onlainer is filled. 
To the vacant spaces between tlie particles of aggregaie the name voids 
is applied. Necessarily, the percentage' of voids like the specific weight is 
affected by the compactness of the aggregate and (he amount of moisture 
which it contains. Generally void determinations are made on material 
measured loose. 

There are two classes of methods commonly employed for measuring 
voids, the direct and the indirect. The most-used direct method consists 
in determining the volume of liquid, generally watf'r, which is if qiiired to 
fill the voids in a given quantity of matc'iial. 8iiH‘e in pouring water into 
fine aggregate it is itnpossiijle to exjiel all the air betwi'en the particles, 
the measured voids are smaller than the actual. It, theiilore, becomes 
evident that the al)ove dire(‘t method should nol l>e ustul with fine aggre¬ 
gates unless Ihe test is condvicteil in a vaciiiiio. Tiy I he indirect method, 
the solid volume of a known (quantity of aggn^gate is gotlerj by [xjuring 
the mateiial into a calibrated tank partially filled \^i^ll water; the differ¬ 
ence between the ai)pareMt volume of mat('iial anil the volume of water 
displaced equals the voids. If very actairale resulls are desired void 
miiasurements should !)(' corrected for the porosity * of thi' aggrc'gate and 
the moisture it contains. If the latter corrt'clions are made the sixtcific 
gravity may also be gotten by this im^thod (see Art. 409). Fig. 2 shows 
a ta)nvenient ileviei'. for im^asuriiig voids by this indirect met hod. I 

When the spi'cific gravity of tin* aggregate is known the voids may be 
calculated thus: 

(i2 oXsp. gr. of aggregate —wt. ))er cu. ft. of aggregate 
Per eei.l, voi>ls = - x.,.. «.•. of aKKregal“ .. ' 

Tlie variation in the size of particles in the aggregate greatly affects 
the voids. If a mass of spheres of equal diamet ers be pih'd as compactly 
as possilde it may be shown that the per cent voids is approximately 
20.t If spheres of .smaller diameter, whieh will just fit into interstices in 
the original pile, are added, it is evident that tlu' voids may be reduced. 
By the insertion of a third lot of still smaller spheres witiiin the voids left 
in the pile a further reduction in voids may be made. Although particles 
of aggregate cannot be assigned to such definite positions, especially if 
they are loosely piled, yet. experiments have shown that the voids in loose 

* Sfo Art. 2f)9. 

t For nthnr dpvicps ft)r dplcriniiiing voids sih: Bulletin No. S29, IJ. S. G. 8. 

X Sre' Concrete Plain and Reinforced, by Tiiylor and Tbompson, 3rd ICd., p. 130, for 
demonstration. < 
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material may be greatly decreased by properly grading the sizes of the 
constituent particles. 

462. Mechanical analysis consists in determining the proportionate 
amounts of particles held on or passing through a series of sieves differing 
in size of mesh. Such analyses indicate whether the material is properly 
graded to produce the minimum voids, when it is made into mortar or con¬ 
crete. They also provide a means of studying how the gradation of particles 
may be improved by making proper adtlitions and how different grades of 
aggregates may be combint^d with cement to form the most efficient mix. 

For analyzing fine aggregate it is common practice in this country to 
employ sitives made of woven-brass wire. In some laboratories sheet 
brass perforated with circular holes is used instead of the wire cloth. The 
number of meshes per linear inch, the diameter of wire and size of opening 
of the more commonly used sieves of the United States Standard Sieve 
Series are givrm in Table. 1. The sieves marked * and listed in the lower 
part of the table are sufficient for most gradation tests on fine aggre¬ 
gates. Sieves frir fin(‘ aggregate are generally inadc 8 in. in diameter 
and 2!i in. deep. They are so fashioned that they may be nested one 
above the other with the sizes arrang(‘d in order of finenrvss of mesh from 
the bottom upwarrls. 


TABLE L- ItTXJlUREMENTS FOR SIEVES FOR TESTING CONCRETE 


AGGREfiArE 


iStiindard 
flii'vp iSiTit.'H 
Number 

Sit've f Ipeiii HR 

Wire lliiimetf'r 

Tnleraime 
in Average 
Opening 

T’it Cent 

Ttileranee, on 
Wire Diameter, 
I'er Cent 

Toh^rantM' 
in Maxiniuni 
Llpeiiing. 

Per Cent 

ITiTll. 

ill. 

iiiin. 

ill. 

1 oiler 

Over 

,‘i-in. * 


:i. on 

0.1 

11.2.5 

±M 

ill 

1(1 

111 

2-iii. 

.00 s 

2. on 

1 SH 

0 102 

Ml 

1(1 

10 

1(1 

1 i-ill. * 

:{,s. 0 

1. .Ml 

4 . .'lO 

0 177 

-1-1 

1(1 

10 

10 

l-iii. 

2.i 1 

1 no 

4.12 

(1.102 

Ml 

111 

1(1 

ID 

J-iii. 

1!) 0 

0.7r. 

.1.12 

0 11.5 

Ml 

10 

111 

10 

J-in,* 

0. ."• 

o.:i7r) 

2.1.1 

0.002 

M.3 

10 

10 

10 

.j* 

4,7(i 

0.1S7 

1.27 

0.050 

Ml 

15 

10 

10 

8* 

2. :is 

0 oo;i7 

n. SI 

0.0111 

Ml 

15 

ID 

10 

10 

2 on 

0.n7S7 

0.7(i 

(1 0200 

Ml 

15 

10 

10 

12 

l . liS 

0. Oliti 1 

0. liO 

0.11272 

Ml 

15 

10 

10 

Hi* 

1.1'.i 

ll.Ollill 

0 54 

1) 0211 

Ml 

1.5 

10 

10 

2U 

n.si 

o.nicii 

0.42 

n.nifis 

M5 

15 

ID 

25 

an* 

n .^jf) 

0 02.12 

0.11 

0.0110 

M5 

15 

10 

25 

40 

0. 12 

o.oiiir) 

0.2.5 

0 0008 

M5 

15 

30 

25 

Tin* 

IJ. 2!I7 

11.0117 

0 1S8 

0.0074 

M6 

15 

3.5 

40 

fiO 

0.2:»(i 

11 oil'.) s 

(1. 102 

0.0004 

MO 

1 5 

35 

40 

80 

n 177 

11.1K1711 

0 110 

0.0047 

MO 

15 

35 

4(1 

inn* 

IJ. 1 10 

(1 lio.^ifl 

0. 102 

0.0040 

MG 

15 

1.5 

40 

120 

0.12.i 

0.0040 

0 080 

0 W1.14 

MO 

15 

35 

40 

2(K) 

n. u7 i 

0 , IK) 211 

0.053 

0 0021 

M-8 

15 

15 

00 

:i2ri 

[I. nil 

0 mil7 

0 010 

0 mii4 

m8 

15 

35 

no 


* MdbL uHotl tjievfB. Fur additional sievta be^c A.S.l'.iU. tSCaniiurdff. 


For coarse aggregate, sieves are made from woven-wire meshing or 
sheet metal perforated with round holes. The size of opening, generally 
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in the clear, is stated in fractions of an inch. Wooden-rimmed sieves 
16 to 20 in. in diameter and 4 in, deep, equipped with meshing or perfo¬ 
rated metal varying in diameter of opening as indicated in the upper part 
of Table 1, are satisfactory. 

Before using, all sieves should be carefully calibrated to ascertain the 
variation in shape and size of openings and the average diameter of the 
mesh. For fine sieves a linen tester’s microscope may be used to count 
the meshes but a microscope fitted with a graduated eye-piece is neces¬ 
sary to measure accurately the size of the wire. Coarser sieves may be 
measured by means of micrometer calipers. The most accurate calibra¬ 
tions can be made by shaking materials of known analysis upon the given 
sieve and determining the per cent passing. The diaimder of wire and 
size of opening in a given sieve should conform to the tolerances speci¬ 
fied in Table 1. 

In making the mechanical analysis test a jepjcsentative sample of 
the aggregate should be dried and wcighetl on scales accurate and sen¬ 
sitive to 0.1 pt^r cent of tlie weight of the total sample. For fine aggre¬ 
gate a 50()-gram sample is a convenient quantity, (’ommonle, the sieves 
are nested in a mechanical shaker, a tyjx^ of which is shown in Fig. 3, 
Ch. XII. The sample is poured on the top siev(‘, the ct)ver secured in 
place, and the apparatus is run for a length of time which has been found 
sufficient to separate similar material. For iletermination on coarse 
aggregate, a 25- to 50-lb. sample, dojiending upon thi^ range in size; of par¬ 
ticles, is sieved by hand, starting with the coarsest sieve. 

When weighing, it is best to place the residue on the coar.s(‘st sieve in the 
scale pan first, then add the residue on the next finer sie\'e, and so on. 
Thus successive weight reailings may be easily converted into ptu'centages 
retained, and the discrepancy between the final and initial weight of the 
sample gives a check on losses. 

Interpretation of the results of mechanical analy.scis are readily made 
by diagrams (si?e Fig. 4), In these diagrams, pereentages by weight passing 
a given mesh are plotted as ordinatcNS and the diameters of ojKUiings in the 
mesh as abscissas. Thi} fineness rnodnlus, m, is a less informative but useful 
measure of the size and grading of an aggregate. It is found by adding 
the jKirceritages coarser than each of the astc'riskcd sieves listed in Table 1, 
and dividing the sum by 100. For calculations of rn, see the table in 
Art. 470. 

463. Yield is used in two senses: (a) to indicate the ratio of the volume 
of mortar or concrete to the loosely measured volume of aggregate in the 
mix; (b) to indicate the volume of mortar or concrete in cubic feet which 
can be made with a sack of cement. In either sen.s(i it is useful in estimat¬ 
ing quantities of material for making a given volume of concrete or 
mortar. 
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The following method of determining yield has been employed for 
s(*veral years at the University of Wisconsin. The determinations are 
made in calibrated cylindrical cans. Each of these cans is equipped with 
a loosfdy fitting plunger fasttviUMl on the end of a piston 
rod which is so graduat(‘d that the volume of the mix 
may be read in decimals of a cubic foot. Figure 3 show^s 
the large volume can used for determining yield of concrete. 
Abcjut 3 lb. of dry materials are used to determine the 
yifdd of mortars and 150 lb. for the determinations on 
concrete. After the specific weiglit of the aggregate has 
bt'cn gotten, the reMjuisite amount of each material is 
weighed and mixed on a noii-al)sorl)ent mixing board in 
accordance with a standard m(‘th[)fl. mix is then 

introduced into the cylinder in four layers of equal 
thickness. In the mortar tests each layt‘r is compacted 
by an iron tamper having a face in. in diameter, which 
is tli(‘ radius of tlie inside of the mortar volurmi can. In 
the t(‘sts on concrete, after the introduction of each layer, 
th(‘ material is puddhal with an iron rod and the cylinder 
is raisial 0 in. and dropped on the concrete floor five 
times to comi)act the mixlur(\ Aft(‘r the mixing board 
and tools have b(‘en thorfmghly cleaned and all material 
put into tlie can tin* plunger is insiTtetl, and wdiirled 
around to h'vel tlu* top c)f the mix. A tripod (t) which 
carries an iiidiw (/) is next slipped over the end of the 
jiiston nn\ and rested on the top of the volume can. The 
reailing on the f)lunger rod o])posite the index on the 
triyiod gives the volurm‘ of the mix. 

In calculating tin' results of the test the losses are apportioned in 
accordance w'ith the amount of (‘ach material passing a No. 80 sieve, since 
experiments hav(‘ shown that j)ract.ically all material lost can be washed 
through this sieve. 

v 464 Density * is the ratio of the absolute volume of the solid particles 
of cement j)his aggri'gate to the volume of the resulting mortar or concrete. 
If c, and g repri'sent the absolute volumes of cement, sand, and gravel, 
respectively, in a unit volume of concrete, the density = p= r+.s+ 7 . If 
the specific gravities of the cement and aggregate are known, then the 
density of a mix may b(* computed from the results of the yield test as 
follows: Ia'\ r = volume of mix; Hr, ]I\, and 11 p= the weights of the 
cement, sand, and gravel, respectively, corrected for losses in mixing; 

* Notp tliMl thi.s lit fiiiilinii ilifFprs From tli.-il kivpii in trr*atisi\s on niptlianips 

by pxcluiiing tlip mass nf ihp wati r. Thn Iprm snlidity ratio, adopted in Technologic 
Paper No. 58 of the U. S. lUircau of Standards, i.s more exaet. 
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Key Ksj and Kg— tho specific gravities of the cement, sand, and gravel, 
resptjctively; Wn = the weight per cubic unit of water, tlien 


P = 


WuV 


K/ K. Kg 


li/xperimonts have shown that the density of a mortar or concrete is a 
measure of its strength and imjx^rviousness. 


CHARACTERISTICS AND PROPERTIES OF FINE AGGREGATE 

'-‘' 466. Importance of Good Aggregate.—Altliough the inijx)rtancD of 
testing cement has been recogniziMl for a good many years, it is only 
recently that the necessity for ascertaining the projiertii's of lhi‘ aggregate 
has been appreciated. Now, however, with tin* results of numerous 
experiments anil the records of faihir(\s caused by thi' use of ])oor aggre¬ 
gate before them, engineers are b(‘Coining cunvinciHl that, a knowledge of 
the properties of the aggri‘gat(' is fully as iinportani, as a knowledge of 
the properties of the cenuait. Inasmucli as fini' aggregates of any one 
type, even those from the same deposit, oftiai diffei’ widely in their char¬ 
acteristics and properties, it is (^s[)e(aally desirable to learn as much aa 
possible about tliem before using in any important work. However, satis¬ 
factory test reports on the aggregate do not insure gooil cmicri^te. 

466. Sampling Aggregate.—Due attention must l)e given to the secur¬ 
ing of represcMitativp sainph‘s of aggri'gate. If the character of tin; deposit, 
or supply of material, is variable, tlnm individual safnf)les of the difTerent 
grades may well be taken and tested separatidy, or mixial t og(*th(*r, depend¬ 
ing upon the degree of variation. I'or preliminary (‘xaminat ions, the 
samples of fine aggregat(‘ should not weigh less than 25 lb., and samples of 
coarse aggregate sliould not be less than 100 lb. For more complete tests 
or for mix designs, much largi'r rpiantities may be reriuin'd. 

In sampling the open face of a sand or gravel pit, the character of the 
overlying material, the strii)i)ing, should be noterl and the face of the 
opening sampled from the bottom to tin* top. This may be conveniently 
done by scooping vertical troughs out of the face of the bank with a pail, 
which should be so manipulated that an erpial amount of material is 
secured from every j)ortion of each trough. If sharply defined strata of 
fine and coarse particles are present, it is well to secure separate samples 
of the material composing these layers. 

When one is sampling a pih* of aggregate, it should be. remembered that 
the coarse particles tend to separate and flow towards tin; bottom of the 
pile; consequently it is desirable either to flattcai the pile and employ the 
''method of quartering” (Art. 398) or, if the pile is very large, to proceed in 
the same manner as sugge.sted in sampling a pit. Standard procedure for 
sampling aggregates may be found in A.S.T.M., Des. D 75 22. 
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In selecting portions of a sample of aggregate for the different tests the 
method of quartering or an equally efficient method should be employed. 

467. Requirements for Fine Aggregate.—The fine aggregate should 
consist of a mixture of hard, tough grains of different sizes. Particles 
of approximately equal dimensions are preferable to elongated grains; 
since the former, with similar gradation of sizes, produce more compact 
mixtures containing less voids than the latter. The sharpness of the 
grains is of little importance. The fine aggregate should be free from 
any minerals of a weak, friable nature and from other impurities such as 
organic or veg(‘lable matter, the presence of which in very small per¬ 
centages may be very injurious. The presence of 10 per cent or more of 
clay or loam is, in general, objectionable. Smaller percentages of these 
impurities may impair the efficiency of fine sands. 

Preferably, the ix^rci^ntages of fine aggregate retained on the respective 
sieves should be limited for general concrete construction as follows: 
none on a f-in. sic've, 0 to 5 i>er rent on a No. 4, 20 to 40 per cent on a 
No. 16, 75 to 05 ])er cent on a No. 50, and 02 to 100 j)er cent on a N(j. 100 
sieve. The fineness niodnlus, in should usually be between 2.5 and 3.2. 

Whenever time permits, strength tests should be made of rnoitars 
containing the fine aggregate. In fact, it is unsafe to use sands of improvcui 
quality unless such strengtli tests are made. A 1 : 3 mortar of standard 
consistency, made from good sand or screenings, should have a strength 
at least equal to that of a similar mortar of standard sand made by the 
same operatrjr. Compression tests are the most valuable, although ten¬ 
sion or transverse tests are permissible. If the sand is to be used in 
making concrete, it should be mixed with the proper proportions of the 
cement and stone with which it is to be used and the strength of the 
hardened mixture should be ascertained.* 

468. Composition of the Particles.—Although the results of a chemical 
analysis combined with a knowledge of the mineral content of a fine 
aggr^'g^lt* is sometim(\s helpful in determining its value, too great impor¬ 
tance is often attached to the chemical analysis of sands. Some experi¬ 
menters have believed that a very high silica content should be demanded 
in specifications for fine aggn*gate. Doubtless a sand which consists 
principally of hard, tough, and non-porous grains of quartz is superior to a 
soft, calcareous sand, provided other characteristics are similar. Never- 
theleas there are many good sands and a variety of suitable broken stone 
sert'enings having comparatively low silica contents which make mortars 
of high strength. 

Inasmuch tis the strength of the mortar or concrete is dependent upon 
the strength of the aggregat*^ a.s well as the strength of the cement, the 
grains of sand or screenings should, at least, equal the cement in strength. 

• Soe Art,. 485. 
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Since the resistance of cement paste to attrition and abrasion is small, 
the resistance of mortar to such influences is largely dependent upon the 
hardness and toughness of the aggregate. Consequently, whenever high 
resistance to abrasion is desired the particles of the aggregate should be so 
hard that they cannot be readily scratched with a pocketknife. If the 
^-K^regate is very porous it is likely to withdraAV watr‘r from the cement 
during the hardening. This results in the fonnation of a weak layer of 
paste surrounding the grains. 

From a consideration of the above facts, it is, therefore, evident that 
the presence of a large proportion of hard, tough, dense minerals which 
are not readily attacked by atmospheric conditions is a favorable indication 
of the quality of an aggregate. If porous, tlie aggregate should be thor¬ 
oughly soaked with water before mixing with cement. 

Some of the more desiralde mineral constitueiits are quartz, dolomite, 
and hornblende. Among the objectionable are mica, talc, iron pyrites, 
shale, limonitc^, ochre, hematite, and the absorbent types of chert. Most 
of thes('- weather l)adly \mder freezing and thawing, as shown by R. R. 
Litehiser before the National Sand and Gravel Association in 1938. 

469. Impurities.—The effects of natural impurities like clay and loam 
are dependent upon; 1, the gradation of the sand i.)articles; 2, the richness 
of the mortar; 3, the chemical constitution and the fineness of the par- 
ticle.s in the clay or loam. Lumps of clay or loam anj dircidedly hannful. 
Their weight should not exceed 1 per C(‘nt of the fine aggregate. The 
addition of finely ground clay to a coarse sanil may improve its grading and 
reduce voids. Hence lean mortars deficient in fines may be improved 
both in density and in plasticity by adtlitions of small percentages of such 
clays.* A rough qualitative test for detecting small percentages of loam 
or clay may be made by rubbing the sand btiLween the palms and noting 
the amount and character of the stain tlms produced. If present in large 
percentages clay imparts a greasy, slippery feeling to the sand when it is 
wetted and loam is generally rt^adily detected by its dark color. 

Coal and hgnite should not be p(^nnitted in excess of \ cent. For 
concrete subjected to abra.sioii,. the amount of material in the aggregate 
passing a No. 200 sieve should be under 2 per cent. Alkali, mica, coated 
grains, and soft particles should not exceed 1 p<^r cent, and the weight of all 
impurities should not exceed 3 ix*r cent of the fine aggregate. 

Organic and vegetable impurities, which often injure the hardening 
properties of the cement, are usually found in the silt. Henee sands con¬ 
taining more than 6 per cent by volume, or 3 per cent by weight, are hkely 
to be unsatisfactory and should always be subjected to a mortar strength 
test before using. 

In 1916 Messrs. D. A. Abrams and 0. E. Harder perfected a colori- 
* See paper by Withey and Wendt, Proc. A.S.T.M Vol. 35, Pt. 2, p. 426. 
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nirtric tests for organic impurities in sands which may be carried out 
in the field as follows: 


“Fill a 12-oz. graduated prescription bottle to the 4J-oz. mark with the sand to 
be tested. Add a 3 per cent solution of sodium hydroxide until the volume of the 
sand and solution, after shaking, amounts to 7 oz. 8hakB thoroughly and let stand 
over night. Observe the color of the clear siipeniataiit liquid. ... If the clear 
8\ipernatant liquid is colorless, or has a light yellow color, tin*, sand may be considered 
satisfactory in so far as organic impurities are concernetl. On the other hand, if a 
dark-colored solution, ranging from dark reds to black is obtained, the sand should 
be rejectiul or used only after it has been sulqected to the usual mortar strength tests. 
“Field tests made in this way are not expected to give quantitative results, but 

will be found useful 
in: fl) Prospecting 
forsanf] sujijilies; (2) 
Checking th.e fjuality 
of sand received on 
the job; (3) Prelinu¬ 
ll ary extiinination of 
sands in the labora¬ 
tory.” * 

470. Gradation 
of the Sizes of the 
Particles.—Ex- 
pf‘rirni'n1shavn iri- 
(lioatoii that uuir- 
Uirs inailo from 
fino santis art' lt\ss 
derisi‘ and strong 
than Ibost* math* 
from r;t)arsf* samls. 
This is probably 
diK' to two causes; 
first, the difficulty 
of coating very 
fine partich's of 
sand with cement 
particlivs of like 
size and second, 
the larger per¬ 
centage of voids 
I'Aperimt'rits have also 
sizes of the particles 



•=* ^ ^ -It - ^ # 

U'uniiuiors of Particles in Inches iiinl Sieve NmiilHjrs 


Fm, 


4. ■ M ei'h;uiii 
hcrei'iiings. 


in tlu' mixture 
shown that tin* 


I \n:ilv.s(\s fhirvns for Typical Sands and 
[Hull. No. 331, r. S. (Icol. Survey.) 


of fine sand and cement, 
most elTective gradation of the 


* I'or laborotfirv niethod.s of (]u:mlitativa'ly determining tlie organic inatprial present 
in sands sec t 'ircular No. 1, Structural Materials Research I/ab[>ratory of Ix'wis Institulc, 
from which the alno e description \v;is taken. 
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is dependent upon the richne-s-^f of the mix and the maximum size of the 
aggregate. 

A good conception of the gradation of the sizes of aggii'gate particles 
is afforded by mechanical analysis diagrams coupled with values of the 
fnmess modulux, m (see Fip. 4 and the following table). Whereas the fine¬ 
ness modulus per s<* gives no indications of paps in grading, it is the best of 
Ibe s.niple indices thus far devisc'd lor meiisuring grading. J<'or studies of 
the effects of particle interference, nderence should be made to the w ork of 
C. A. G. Weymouth (P/or. A.S.T.M., Vol. 38, Pt. 2, p. ;k)4). 




j I'KIil'F.NTAtJK 

rnAllHKIl THAN SlKVK Kdll A (H: IlKI i All 

K 

Sinvf Ni». 

Opi'JiiuK 

(In.) 







Sil \ :\ 

Sil 1 

Sd L'l 

Sk -I 

Sn 1 1 

Sk \2 

4 

. 187 

0 

0 

0 

0 

1 

i 0 

0 

8 

. ()!)l 

20 

5 

0 

00 


20 

1() 

.0-17 

55 

12 

7 

78 

IS 

32 

30 

. 0232 

77 

45 

10 

81 

00 

52 

50 

.0117 

02 

78 

73 

00 

77 

07 

100 

.OOriO 

00 

84 

SI 

05 

87 

80 

Kiiiniipss iiiDfluliis (in). 

3.43 

2.24 

1.80 

4.07 

2 S3 

2 51 

(1 rail'll inn . 


( 'narsp 

Mcaliiiiii 

I'inn 

( 'narsn 

M piliii in 

Finn 


The results of strtuigth ti*sts of mortars marh' f)f line aggrt'gates 

are given in Table 1, ( liapter XIV'. Sand Sd 1 of inediuiii gradation is 
pref(‘rable to eitlier of the other sands for making concre1.(^ of usual pro¬ 
portions but inferior to sand Sd \’A for making a strong mortar. Sand 
Sd bS, on tlH‘ ot her hand, would product' a harsh working concrete unless 
a high contimt of eement were used. Sand Sd 21 is too finely graded to 
make the most efficient concrete or rnort/ar. Reach sands are often graded 
like it. Coarse sands like Sd 18 ari' rarely found. 

Broken stout' screenings should not contain ovi^r 10 pt‘r ctuit of dust 
passing a i\o. 100 sieve nor mon' than 25 p('r cent of particli-s passing a 
No. 50 sieve. Largt? amounts of crusher dust are (‘specially objection¬ 
able when the screenings are to i)e used for tops of floors or sidewalks, 
sinct' mortars containing large jji'rcentages of dust, are: likt'ly to wear 
badly. 

471. Voids and Specific Weight.—Two other criteria of the worth of 
sands and screenings are afforded by the percentage of voids and the 
specific weight. Approximately, we may say that for fine aggregates of 
like chemical ami luineral constitution those; with the lowest percentage 
of voids or the highest specific weight are the most desirable, since a less 
proportion of cement will be required to fill the unoccupied space in such 
aggregate. One must bear in mind, however, that due to differences in 
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gradation two sands which contain the same percentage of voids may 
produce mortars differing consideraWy in density and strength. For 
instance, comparing a fine and a coarse sand containing the same propor¬ 
tion of voids, the coarse sand will produce the stronger mortar. 

Since even a small percentage of moisture tends to hold apart the grains 
and increase the voids, the moisture content exercises a very important 
influence upon the percentage of voids and the specific weight. For exam¬ 
ples examine Fig. 5, which shows the effect of the ptn eentage of moisture 



Fiu. 5. — THk of Moisture on the Voids and Specific Weight of a Fine and a 

Coarse Sand. 


upon the voids and spcnific weights for a fine and a coarse sand. The 
curves in the diagram serve to illustrate the importance of making the 
determinations on material containing the pvr cent moisture ordinarily 
present in field o[)erations, if the results are to be employed in the field. 
If, however, a comparison of different sands is to be made determinations 
should also be conducted upon dried aggregate. 

To facilitate the computation of the iK'rcentage of voids from the 
specific weights, the diagram in Fig. 6 is provided. Since a knowledge of 
the specific gravity of the aggregate is necessary in order to use this dia¬ 
gram the following average values are given for sands: Quartz, 2.65; 
dolomitic sands., 2.65-2.75; calcareous sands, 2.60-2.70. A rough average 
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value for all sands is 2.65. For specific gravities of stones, see Art. 268. 

For good sands the percentage of voids generally lies between 28 and 
35. The corresponding weights per cubic foot range from 120 to 105 lb. 
In screenings, on account of the angular shape of the particles, a somewhat 
higher range in the percentage of voids is to be expected. Screenings of 
good quality should not, in genera], contain over 38 per cent voids. 

472. Mortar Tests.—By fsu' the most valuable indices of tlie efficiency 
of a fine aggregate are given ])y the strength and yield tests of mortars 
made with a cement of known properties. 



Usual procedure in determining quality of fine aggregate is to compare 
the strength of an Ottawa sand mortar with the strength of a similarly 
made mortar of the given saml. In practice, however, there is considerable 
difference in the kind of test, the grading of Ottawa sand, proportions and 
consistency of mix, and method of j)rocedure sp(icified. 

In specifications there is a tendency to require a 10-in. flow table, using 
30 ^-in. drops in 30 sec. for making consistency comparisons (see Art. 
447). 

Where a flow table ls not available the following method may be used. 
Proceed in the standard manner indicated in Art. 414 and mix a batch of 
500 or 600 grams of mortar. Cover with a bowl. Proceed in like manner 
with a batch of the same proportions containing the given sand or screen- 
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ings. In o.stimating the required amount of water for the latter batch, it 
should be remembered that natural sand or screenings will generally require 
10 to 50 per cent more water than standard sand, and that the percentage 
of water retjuired varies with the proportion of fine material in the aggre¬ 
gate. Two or thrive trials will ordinarily suffice to obtain the consistency 
which apptatrs and feels like that of the standard sand mortar. 

For comparing the strength of the given sand with that of Ottawa sand, 
the following procedure is suggested- Use Ottawa sand, about half standard 
and half run of mirn^, with a fineness modulus between 2.3 and 2.5. Adopt 
1 : 2.75 proportions, by weight, of cement to sand for both sands. Use 
sufficient water with each mix to give a flow% under the above procedure, 
l)etw^een 60 and 75 per cent. For the strengtdi comparison at least 3 
spr^cimi'iis of each kinrl of sand should be tested at 3 and 7, or at 7 and 28 
days. The compri\ssion test on 2-in. cul)es is preferable to the briquet 
test. 

The follow ing mortar t(^st is suggested as an inexpensive test to predict 
the strength of concrete which can be made with a given sand. Mold and 
curi^ in standard maniH*r five 2 by 2 by 9-in. mortar prisms of the given sand. 
Test at 3 or 7 days first as beams under center loading; then t(\st the halves 
as modifieil cubes (Art. 113). For these tests a fixed W'ater-cement ratio, 
0,5 by wndght, should l)e used. A considerable amount of testing for a 
thesis by P. J. Hunt, C. D. Matthias, J. L. Shipman, and 11 C. Wagner 
at the lJniv(‘rsity of Wisconsin, 1936, indicated that this procedure has 
merit in prtMlicling (‘ither the compressive strength or the modulus of 
nipture of gravid concride of tlu^ same Avater-cemeiit ratio and age as th(' 
mortar. 

Sands to be usinl in mortars for construction purposes should possess 
at least 85 ])(‘r ci'iil of the strength of standard sand mortars of like pro¬ 
portions and consist ency. 

The yielfl ti'st on a mortar is often made to ascertain lK)th the yield and 
tlie density. The rlensity is a more reliabh^ index of the mortar strtaigth 
than is the voids in tlu' fine aggregate. In general, the density of a I : 2 
or 1 : 3 mortar, by w eight, made Avith well-graded saml and mixed to 
standard consistency used in cement testing w ill lie bidaveen 0.70 and 0.75; 
the yield will ginierally vary l)etw'een 1.08 and 1.20 for similar mixes, being 
greater for the richer mix. 

CHARACTERISTICS AND PROPERTIES OF COARSE AGGREGATE 

y 473. Requirements for Coarse Aggregate.—Any stone or gravel which 
possesses the strength of neat cement is sufficiently strong for use as an 
aggregate*. In liardness, how'ever, there is a considerable range permis¬ 
sible, de]KMidiug upon the kind of construction. In floors, pavements, and 
other surfaces subjected to considerable wear and upon which no top dress- 
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placed, a uniformly hard and toupli coarse aggre^ati* which will show 
less than 30 pf»r cent loss in the Los AukcIcs nittltT test (Art. 273) is desired. 
For other ctnistnictinns exlrenie hardness is not (‘ssentinl j)rovided the 
agKregatc shows a rattler loss under 40 per cent. 

The coars(> aggregate' should also be free from loam, clay, vt'gi'table 
or organic matter, and other injurious substances pn‘vie)usly ineiitioiunl 
under fine aggregate's. More than 1 pi‘r ciait of shaU‘ is objectionable. 
Clav lumps should not exceed ] per cent. 

Preferably, the particles of the aggregate shoidd he approxiinatelj^ 
cubical or spherical in form. Flat, disc-shapini j)ieces and long, thin 
wedge-like particles arc objectionable sinci* the\' cannot, bi' st) closely com¬ 
pacted as the cubical or rounded stones. To secure a good b[)nd between 
the mortar and the coarse aggregate, the cleavage planes of broken 
stone and th(‘ surfaces of gravel particles sliould be uni'vt'ii and rough. 
Very porous particles must be saturated with water befon* mixing with 
cement. 

In a well-graded coarse agffregate 95 per rent or nur-r sJnmld pass the 
sieve of niaximutn pennissihle size of o]>e/nng, 30 to 70 per retd should pass 
the sieve of half that size of opening ithe mean sieve), and not over 10 ptr 
cent should pass the No. 4 sifwe. The maximum permissil)le Ki/>(‘ of aggre¬ 
gate depends upon the type of constructif)n, but, it rarely exci'eds in. 
in diameter. The inaximum iliameter of pa,riicle shovdtl m)t (‘\ci*eil oiiiv 
fifth of the minimum width of form. In reinforced work it should nf)t be 
larger than thrf'i'-fourths of the clear sjjacing of riMnforej'ng. 

For economical production of i)r)lh fine and coarst‘ aggregate, pit-run 
gravel shouhl contain 50 per ctuit or ovrr of coarse aggrt'gali*. 

Measured loose the voiils in widl-shapi'd broken stone lange betweun 
45 and 50 per cent; if uniformly varying in gradation, Ijf'twej'n 10 and 
50 per cent. Ftrr loosely measured graved varying from \ in. tu \ \ in. 
in diameter the voids vary from 35 to 40 per cent. In dry wedl-graih'd 
pit-run gravel, voids run under 28 per cent. Wlu'n rfuldial in measur¬ 
ing, the voids will be approximately 4 to 5 pt'r cfuit less than the above 
data. 

474. Characteristics and Properties of Broken Stone.—The broken 
stones commonly used for coarse aggri'gate are trap rock, granitv, iJolo- 
mite, limestone and sandstone. Trap rock, on account of its Jiardiu'ss, 
toughness, high resistance to fin', and gri'at stri'iigth, is an (‘xcellent coarse 
aggregate. The granites also furnish a very good material for c,oars(i 
aggregate. Both of these classes of rock are vf‘ry r]('sirabli‘ in road or 
floor construction, or on surfaces which an^ subj(‘ctfMl to consuhuable 
abrasion. Oftentimes, however, these hart! igiuajus rocks crush into 
elongated particles which cannot be closely compacted. C ■onseriuently 
maximum density cannnot be secured in the concrete or mortar into which 
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they are made. When such aggregate's have very smooth cleavage planes, 
the mortar will not strongly adhere to the surfaces and the resulting con¬ 
crete will be deficient in strength. In spite of these objections, however, 
these rocks form th(‘ most valuable class of crushed aggregates. 

Crushed dolomite and limestone are extensively used for coarse aggre¬ 
gate. Although softer than the granites and traps, the dolomites and hard 
limestones make concrt'te which is as strong as, and which resists fire 
better than concrt'te madc^ of granite. Usually" limestone concrete wears 
more uniformly than concrete made of igneous rocks. Soft limivstone is 
often very porous, and unless thoroughly wetted before mixing will weaken 
the strengtli of th(' surrounding mortar by absorbing water from it while 
the hardening process is going on. Limestones frequently contain large 
quantities of vt^ry tint' dust which, in wet weather, coat the surfaces of the 
stones. If th('r(‘ is a large proportion of this dust in the coarse aggregate, 
and if a fin(‘ sand is h(‘ing used, it may be necessary to screen out the 
dust in ordt'r to secure' a concrete of high strengtli. However, if the sand 
is coarse, allowance may be made for this dust in proportioning. 

The stronger anrl morc^ dt*nse sandstones make a satisfactory coarse 
aggregate, hut the. soft varieties together with the shales and slates 
should not/ be us(‘d. Tlu' latter are likely to b(^ deficient in strength and 
to consist of particles which are improperly shaped for making dense 
concrj'te. 

Tablf^ 2 contains a summary of voids and specific weight tests con¬ 
ducted l)y Proft'ssor 1. 0. leaker.* These data show the effj'ct of hauling 
in wagon or car in compacting thc'se aggregates. The data in Table li 
has bi'C'fi cmui)iled from various reports. One can computi* voids or speci¬ 
fic wr'ight of a given aggregab' if either of them and the specific gravity 
(Art. 2()S) an* known. 

On a(;couiit of the tendency of the stone to separate from concrete 
when a uniform size of ct)arse aggregate is used, it seems preferable to use 
graded mixtures. I'lirthennore, with graded mixtun's tlie voids in the 
aggrf'gate are k'ss than in aggregate of uniform size, anti concrete made 
of tht' graded mixtun's is fully as strong and deiist' as that made of the 
one-sizt' tamrse aggn'gate. On the other liand, it is iJoubtful if tlie uni¬ 
formly varying gradation often atlvocated is superior to other gradings 
differing consiilerably from it. I'\)r example, in Fig. 7 compare the range 
in gradings for crushed limestone between and 2.[-in. sieves (J and 
2.1-in. round openings), all of which Ooldbeck f found to have approxi¬ 
mately equal voirls, wllli curve V for crushed stone varying uniformly in 
gradation over the same range in sizes. However, to conserve work- 

* DuU, No. 2'i PiuY. of 111. Enp. Exnt. Sta., IHOS. 

t From Th\’ Slutif Ji)urnalj SopIcfiilH'r, l!V2S. Voids aro for roddtal volumes. 

For loose voluiiiea voidi were about 1.1 times the voids in Fig. 7. 
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ability the omisBion of iiiirrniediate sizes should l)e Mvoided. 1 reasonable 
tolerances in gradation, such as suggested in Art. ITll, will yielil low-void 
aggregates and lessen costs. 


TABLE 2.—PEllCirA rAOES OF VOIDS AND WEIGHTS PER CUBIC YARD 
01' CRUSllJOD LiMJOSTONlC. (Bakeh) * 


Ivorality in 
Illinois. 

Size of Stone. 

Peu Cioh 

T A OIDH 

w« 

IfJIITH IN 1 

11. PKIl f.’ll 

YD. 

W jigun 

lioads. 

far 1 

wiads. 

By Pour¬ 
ing ill 
Water. 

From 

SpiM'ilif! 

Gravity. 

At 

CniMlitT. 

.Ml IT 

i Milt' 
r)r Mure, 

At 

f .'ni.shnr. 

Aft('r 

11II iiliiig 

7.") Mili!H 
nr M oriN 

Chester.... 

;l-in. ser. 

4(1.!t 

40.8 





Chester. . . . 

2-in. scr. 

43.0 

43.0 

2412 

2797 

234 () 

28.30 

Chester.... 

2-in. to J-in. 

40.0 

40.0 

2314 

2382 



Chester. . . . 

Ji-in. to 2-in. 

40.1 

43 1 

2307 

2309 

2318 

2345 

Joliet. 

7j-in. scr. 

42.2 

47 1 

2303 

2333 

2039 

2905 

Joliet. 

2-in. to \ in. 

47.9 

40.2 

2313 

24 SO 

23S0 

2392 

.T n11 pf 

3-in. to 2-in. 

47.5 

40.1 



2301 

2553 

Kankakee. . 

|-in. scr. 

39.0 

40.1 

2430 

2097 



Kankakee. . 

li-in. to J-in. 

45.7 

44.7 

2325 

2546 



Kankakee. . 

2^-in. to |-in. 

44.3 

42.9 





Kankakee. . 

2i-in. to l|-in. 

40.2 

43.4 






* Kach value of per cent voids rnpresenls a numbi'F of testa in wliit h sizr* of vi ssrl varierl fTom 
0 7 ru.ft to 27 eu.ft. aiitl the heiRlit of drop of iiKiterialH varied up to 20 ft. PcrreiituKi-*^ of absorption 
(by weight) for these liniestniies were Juliet, 0.04;. Kankakee, 1.H4; Chester, 1.01. Average values 
of apecioc gravity were Joliet, 2.71; Kankakee, 2.D1; Cheater 2.ri7. 
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TABLE 3—VOIDS AND SPECIFIC WEIGHTS OF COARSE AGGREGATES 


Kind of AKKrPRatt*. 


Trap. 

Trap. 

Trap. 

Qiuirizite. 

Qiiiirtzilp.. 

GraiiiU'.. 

Granite. 

Granil . 

Granitic. 

Graniln. 

Lirnasl nun. 

Gravt^l. 

Grfivi‘1. 

Gravnl (Pit-run) . 

Griivnl (Lake).. . 

Gravc'l. 

Gravr^l. 

Ciiuinrg. 

Bank sla^. 

Bank slaK. 

Bank wkiK. 

Manliini' . . . 


in Sizt;H. 

Spppifip. 

(iravity. 

W eight 
ppr Cm. ft. 
(Ob.) 

1 

Ppr Cent 
Vnida. 

Authority. 

t-iii. st:r. 

2.00 

08.1 

46.5 

W. E. McClintock 

li-in. t(j 

2.00 

90.0 

50.2 

W. E. McClintock 

."Fill, to U-in 

2 tX) 

93.5 

48.1 

W. E. McClintock 

4-iO- SfT. 

2.07 

02.8 

44.3 

M. 0. Withny 

I J-in to l-ifi. 

2 07 

86.4 

48.1 

M. 0. Wilhey 

J-in. .scT. 

2. C/2 

05.0 

41.8 

M. (). Withey 

Fill- to {-in. 

2 02 

86.5 

17.0 

M. 0. Witliey 

lj-i»- to t-iii- 

2.02 

88.0 

45.6 

M. 0. Withey 

2-in. to \-\n. 

2 02 

84.7 

48.1 

M. 0. Withey 

1-in. to rlust 

2.5S 

05.3 

40.0 

U. 8. Genl. Sur. 

t-in. to dust 

2.40 

07 7 

37.1 

IT. S. Genl. Siir. 

1-in. to J-in- 

2.4.5 

102.4 

33.0 

U. 8. Genl. Sur. 

G-iii- lo J-i*c 

2.77 

110.5 

36.0 

M. 0. Withey 

J I’-iii. lo (lll.St. 





l51%<i-in. 

2.77 

125.0 

27.0 

M. 0. Withey 

1-in. to No. 10 

2 75 

112.5 

34.4 

M. (^. Withey 

J-iii- to 

2 70 

105.0 

37.7 

M. 0. Withey 

1 1-in. to 1-in. 

2.70 

102.4 

30.2 

M. 0. Withey 

f 11-iii. ( 0 dust 






i.5;i 

47.0 

50 7 

IT. 8. G. 8. 

1 d7%<l-in. 





,■’6-ill. SIT. 


117.0 


CarneKie Steel Co. 

l-in. Id n-'m. 


67.0 


( ^ Jini ciiji i> S1 e el C o. 

2.i-iu, lo l-in. 


72.0 


(ainiegie Steel Co. 

2-in. to l-in. 


00.0 


( 'Mnicpie Steel Co. 


Sinno strnnprr and dnnsor cnnnrotr can bo mado from brokon stono 
woll-Kraih'd frnrn 2\ in. down to \ in. than from .similar matnrial loss than 
1 in. in sizo, tho uso of ratlior lar^o ooarso a-KRropato is of ton oconomical. 
Wh(‘n .smdi ooarso a^^^>:ro^alo is usod, uniformity in tho grading in suooos.s- 
ivo battdios will bo oonsorvtni l)y sorooning tho ooarso aggrogitto into two 
sizos and moasuring them soparatoly prior to mixing. Such procodiiro 
will promott^ uniformity in tho workability, strongth, and watcrtightnoss 
of tho ooncndo. 

47B. Characteristics and Properties of Gravels. —The statemonts pre¬ 
viously madt' in regard to tho mineral composition of sands apply equally 
well lo gravels. For conrreto pavement subjected to heavy traffic all 
particles should be of uniform hardness. They should not be scratched 
by the knife. Somewhat softer material may be employed in making 
concrete for constructions where strength is the only requisite. Gravels 
containing considerable proportions of disintegrated rock, pebVdes coated 
with soft limestone, chiy, or loam should be avoided. Organic matter 
even in small percentages is very objectionable. Such impurities are 
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often present in gravels gotten from pits in which the overlaying material 
is covered with leaves and decayed tinvber. It is possible, howeAM^r, to 
remove loam, clay and organic material by thorough washing. 

The particles composing the gravel should be approximately round; 
flat, disc-shaped particles are undesirable since the latter do not compact 
into as dense mixtures as the former. 

Pit-run gravel generally contains too much malerial passing a J-in. 
sieve. Since the gradation of sizes in material from a given pit is often 
(piite variable, as shown by curvi‘s for gravel No. 1 and No. 2, Fig. 7; it 
is difficult to maintain a uniform quality of concrete when pit-run mate¬ 
rial is used. Hence, whenever considerable gravel is to be used, better 
concrete and economy in the us(‘ of cement will be promoted by screen¬ 
ing the pit-run into two nr more sizes and recombining in proportions 
d(‘sired in making concrete. (Jravel coarse aggregate should conform to 
refjuirements suggested in Art. 47d. 

Boulders of hard, dense rock may often l)e e(‘.onoiTiically employed, 
especially in massive walls, al)utments and dams, proviilial the interstices 
are thoroughly filled with concretes compos(‘d of smaliei stones. It is 
desiralde to kf'ep such larg(‘ rocks back from the surfaces of the work 
since thin ouisidf' shells of concrete sometimes spall off, especially if they 
ar(‘ pom’ly l)ond(‘d and are subjecteil to frost action. 

The Aarids and sp('cific weights of a numlx'r of gravels differing in gra¬ 
dation art‘ gi\ (‘n in Tabk' d. Average values of spf'cific gravity for the 
diffenmt classfvs f)f graA'fd commonly found art' a,pproximatf‘ly the same as 
thf* A^alues givfui for sands in Art. 471. 

476. Broken Stone and Gravel Compared.-- ()n account of the spher¬ 
ical shape of its particles gravel makes a more fluifl and th'nsf'. con¬ 
crete than does broktui stoiu'. Furthermore, gravel concrete rerpiires 
less tamping or puddling than concrete made of broken stone in order 
to exptd entraiiKul air and thoroughly compact the mixture. C^uisider- 
ing mixes of concrtde of like cement contents and workabilitif*s, those 
made with well-graded crushed limestones or slags usuall}^ exhibit higher 
cross-ben fling strengths than concretes mad(‘ of efiually well-graded graveds. 
On the whole, if equal care is taken in grading the particles of aggregate, 
gravel concrete seems to be more impervious to water than broken stone 
concrete. One of the main advantages in using broken stone for r;oncrete is 
the possibility of securing a product which is of fairly uniform composition. 

477. Miscellaneous Aggregates.—Cinders, slag, crushed burnt clay, 
ami mine tailings are also usetl as concrete aggregates. C’inders resist 
high temp(‘ratures fairly well anil have been employed considerably for 
making fireproof concrete. h^)r this purposes the cinders should be a hard, 
vitreous clinker, practically free from sulphur, iron oxide, and combusti¬ 
ble substances. From the standpoint of fireproofing, a highly porous 
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clinker is desirable. The clinker should be drenched before mixing so that 
it will not absorb water from the mortar during the process of hardening. 
Cinders make a very light concrete but should not be employed in con¬ 
structions demanding high strength or imperviousness to water. 

Slag has been used to some extent both as fine and as coarse aggregate. 
It is an efficient aggregate for fireproofing. For concrete aggregate molten 
slag from the furnace is run into pits, or ofito suitable Vianks, where it air 
cools into a dense, hard mass. It is then excavated, crushed, and screened 
into desired sizes. Slag sand is the finely crushed material passing a No. 4 
sieve. Slag coarse aggregates which are sufficiently hard, tough, and dur¬ 
able for highway pavements should weigh not less than 70 lb. per cu. ft., 
by rodded volume. Extrenu'ly light and porous slag iiggregates are also 
produced comrnwcially by a steam centrifuge proctvss. 

By burning clay containing organic matter at 1800 to 2000° F., it is 
inflated and rendered porous. After cooling, crushing, and screening, 
this product makt'S an excelkmt fire resistant [iggregatt^ from which a 
strong concreti^ weighing only 100 lb. per cu. ft. can 1)(' made. 

Tailings from zinc and lead mines havi^ l)een considiualily used in 
Missouri and southw(‘stern Wisconsin for concrett^ {iggregate. The chief 
objection to thes(‘ aggregates is the |)resence of pyrites, which causes rust¬ 
like spots on the surface of the concride. 

THE PROPORTIONING OF MORTARS AND CONCRETES 

^ 478. The Principles of Proportioning. ~ The fundnniental object in 
proportioning concrete or inort[ir inixt's is the produet ion of a diirahlt' 
material of rfU|iiisite strfMigth, watertightness and othi'r (\ssf‘nlial prop¬ 
erties at minimum cost. To attain this imd, careful attr'iition must lie 
given to the select ion of cement, aggregati', ainl water in aecortlanee with 
precelling principles, and to tin* following eoiisideralions; 

1. The mix must be workable so that it can be placed and finished 
without undue labor.* 

2. Sinci' cement is the most costly ingredient in the mix, the propor¬ 
tion UvSed should V)e as small as is consistent with thi' attaiiiinent of desiretl 
properties. 

3. Within wide limits, experiments liave shown: 

(fi) The strength and degree of watertightness of mixes, ha\ing like 
constituent materials, density, and workability, increase with the cement 
content. 

* ■'nicTC is nn simplo method for mpasuiing wnrkal'.ilily whifh is ontirelv satisfactory. 
Uaiiallv the shnn[i, nr flow, nf tlip mix is spciahod ( Art. ISn'i, Iml eilhi'r is rpully a crilprioii 
of consistlaicy. I'ho (‘a.sp with which a mix can In* woi-UimI otiiI .surfacod with a trowel 
affords a roiiph index of wnrkal)ility. riifortunalclv, personal otiualion and experienee 
exert a powerful iiillueiiee in such deteniiinations. 



PROPORTIONING OF MORTARS AND CONCRETES 


427 


(b) With the cement content, materials, and workability all constant, 
the strength and degree of watertightness increase with the density of the 
mix. 

(c) For usual methods of placement, the strength and degree of water- 
tightness ol well-cured concrete and mortar are greatest when the mix is 
plastic (has a slump of approximately two inches). Drier mixes, although 
frequently as strong, art' likely tt) be porous unless compactf'd by pneu¬ 
matic rammers or el(‘ctrically driven vibrators. Increasing the water 
content beyond that rcHpiired for plasticity causes tlie strength to decrease 
rapidly. 

In addition to the above, the following statements appear to be justi¬ 
fied by the results of experience and tests: 

(a) To proportion concrete for the maximum resistance to fire, a porous 
nnn-condjustibl(‘ aggregiite of high specific heat togetlnu’ with cement 
sufficieni to produce the rerpiisite strength slu)uld be tlioroughly mixed 
and placed with as little l■amnli!lg as possible to produce a porous concrete. 

(b) Jn proiiortinning concrete or mortar which is to bf subjected to 
freezing temperatures, a. minimum amount of water sln iild be used and 
a quick-setting ceiiK'iit. (Arts. 871 ami 089.) 

(c) Concrrdc for road cf)nstruction should be made from a carefully 
graded, hard tougli aggregate^ bouinl together with as small a proportion 
of rich mortar as is consistent with t iic najuired workability, strength, and 
impervd OUST! ess. 

The principal schemes used in scientitic proportioning of mixes arc 
l)as(‘fl upon r(‘lationsliii)s between properti(‘S and ratio of cement to voids 
in the mix, oj‘ on tlie ridationship bidwtan prop(‘rtii‘S and the ratio of 
watyr to cement in the mix. 

. 479. The Measurement of Proportions.—The most accurate method 

"^of measuring propmtions is to weigh th(‘ reipiirtHl quantities of each 
material. This may b(' done whetlua' the proptjrtions an' based upon vol¬ 
umes or weights. This mi'thod is ludng extensivtdy used in road con¬ 
struction and in many central mixing and in central proportioning plants, 
rnfortunately, it has not bf‘en so widely adopted in buililing construction 
where the less accuratt' method of nu'asuring proportions hy volumes is 
still largely list'd. The ehief inaccuracies in volumetric measurement arise 
from the wide variations in tht' bulk of the fine aggregate due to small 
ehanges in its moisture content and laulty methotls of filling measuring de¬ 
vices. If a careful check is maintained both on the measurt's and methods 
of filling, much of the enor in voliimt'tric measurement can be obviated. 
Cement is usually measured by t he bag, assuming each bag contains 1 cu. ft. 
or 94 lb. More accuracy is obtained by weighing the cement also. 

480. Arbitrarily Selected Proportions.— Probably the most used 
method of proportioning is that ba.sed upon arbitrary selection. In speci- 
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fying proportions for mortars it is common practice to call for 1 ; 2, 1 : 3 
or 1 ; 4 parts of cement to parts of fine aggregate, depending upon the 
quality of mortar dtmianded. In proportioning concrete by this method, 
the engineer, guided by experience and a knowledge of the ret|uirements 
for the structure, assumes a iiiort-ar of given proportions and selects a 
proportion of stone such that the voids in the stone, as measured at the 
job, will 1 k‘. 15 to 25 per cent less than the volume [)f the mortar. Such 
methods or proportioning may givt^ very fair r(‘sults when used by a man 
experienced in judging aggregate, but in tlu' hands of a perst)n inexperi- 
(‘Tieed in their ust^ a poor mix or a waste of cement is likely to result. 

4B1. Proportions Based on Voids.—A great variety of rules for pio- 
portioning based upon tin* principle of filling the voids in the aggregate 
with cement have bt'en formulaterl. 4"here are two main reasons why 
such rules are not jicciirate. J<5rst, the problem of wetting the aggns 
gate and bringing it into the' same state of compactness which it assumes 
in the concrete or mortar is very difficult of solution; second, the general 
assumption that the partieh‘S of c(unent will fit into tin* void spact's in 
aggregattr is fallacious, especially if partacles passing a No. 50 sieve are 
present in the aggregate. 

More satisfactory methods of mix design have been developerl frf)in 
the relation of the str(‘ngth to the ciunent conttmt and ilensity f>f the mix. 
Thus Talbot and Jtichart * evolved a seiimlific and iidiable method of 
mix design l)as(Ml upon a knowledgf' of tlie following factors: 

1. The n'latioii of strength of concrete to t he ceiiif'nt-void ratio; 

2. Thf' relation of voids in mortar ustal in the concrete to the wati'r 
content of tin* mortar; 

3. T1h‘ rt'lation of tlu' voirls in the mortar to the ratio of the absolute 
volumes of sand and cement contained in the mortar. 

This method is fundamentally sound and accurate but it rerpiires the 
determination of more e\i)erimental data than does thf^ water-camient 
ratio method which follows: 

482. Proportioning by the Water-Cement Ratio Method.—In If) 18 

Abrams f established the validity of the following simple but very valu¬ 
able law: 

For placeable mixes made from durable aggregates the strength depeiiLs 
upon tlie net ratio of tin* mixing water to the ciaiient. The net ratio is 
based upon the amount of water free to combine with the cement when 
st^tting begins. The water-cement ratio has benm ctnnmonly computed by 
volume, but the weight ratio is handier in designing mixes. 

Later it was shown that the water-cement ratio (j) bears a direct linear 
relation to the ratio of the volume of cement plus voids to the volume of 

• liuUetiJi No. 137, Fingiiun'iing Expt. Sta., UnivMTsity of Illinois. 

^Bulletin No. 1, Structural IMaterials Laboratory, Lewis Institute. 
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cement 



Hence it follows that this law expresses in an inverse 


manner the previously stated principle that the strength depends upon 
the ratio of the cement to the space in the concrete unoccupied by aggre¬ 
gate. The advantage of this law is its simplicity and its comparative 
independence of other variables. Success in the application of this method 
depends upon the care taken (a) in selecting materials; (6) in obtaining 
proper placeability with the use of niininium amount of cement; (r) in 
determining accurately the relation of the w^ater-cement ratio to the 
desired property for the materials at hand; (d) in controlling the mea¬ 
surement of materials, especially the cement and water, at the job. The 
procedure is illustrated by th(^ steps in the solution of the following typical 
example in which it is assumed that selection of materials has been 
made: 


Exarnplc. — A coiiirLic pavrnu'nl is Id lu' biiill in it norllirrn [‘liin:il,i'. In onli'r lo 
ri'sist frost Mt'lioii and It) vvillislarnl Irallif and ollii’r cnnilitit)!!.^, ilir (•ontTPh' is 
to bn iiniiln with a fOiripiTssivn slri‘iif!:lh of it'iOO 11). ])t‘r sip in. at 2-> lays. For work¬ 
ability a 2-in. slump is dnsiiiMl. The malnrials rniiuirnd ))it niibin yard of coniTCte, 
and proportions arn recrnirrMl. 

The available poarse aKRregate is a dolnmitic f^ravel, all of whinh passes a I J-in. 
sit'Vi*, 40 pnr rent passes a J-in, sinvt*, and all is held on a. No. 4 sieve. 'Fhe available 
sand is of good tiuality; it pa.sses a No. 4 sieve and has a liiHvness moihdus of 2,7. The 
speeifit; weight of the gravel eontaining 15 j)t‘r rent int)istiire and measured loose is 
102 lb. j)er eu. ft.; the s])Reilie weight of Ihe sand iiiea.siiriMl loose with 3 per cent moisture, 
llie normjil eontent in stock |)ile, is 02 lb. j)er e,u. ft. (/f)sts art': ta'mt'Mt, J52.50 ptT bbl. 
(370 11). net); sand, air-dry, ^1.00 per ton; gravel, air-dry, $1.80 ptT ion. 

Snliftimi. —In order to dtdermine the propiT wati'r-eeinent ratio (j-) one may enter 
Abrams’ eurve between eoinjjrt's.sive strength (C’) and ihe wsiier-ratio (Abrams' C-x 
eurvp in Fig. S) with tiie given strength and find x. Then a j)aHt[^ may be made with 
the given waier-eemeiit ratio (.r) and, by trial, sand and gravel may be added to tha.t 
pasti’ until the desired workability is obt.'iined. I'Vnm the [piantitie.s used the mix 
]irDportion.s may be tletermined. The |)ri)i*ediire is satisfaetory for .small jobs when 
the materials are of good tiuality. Dn large jobs or on work where tht^ aggregatcH are 
unknown, it is best to find by trial tlie C-x curve for the available materialH. 

For the materials of this jirobleaii the slrength-water-ratio iC-x) curve Hho^Vll in 
Fig. 8 was eonstructed as follows: 

Four values of the water ratio (x) were selected to cover the range in conerete strength 
likely to be u.sed. For the nii.x of lowe.st water-ratio a pa.ste coiisisUiig of 25 lb. of cement 
and 10 lb. of waiter wa.s thoroughly mixed and .several additions of air-<lry sand and gravel 
Averp. made. In hucIi procedure the endeavor was to use as much iroarse aggregate and 
as little sand as possible, thereliy promoting economy. On the other hand, if too little 
sand was used the mix became harsh and unworkable. Hence, if the mass, when worked 
with the trowel, appeared too harsh, more sand w as added; or, if it appeared over sanded, 
more stone w^as added. Finally after the sand and gravel additions amounted to 30 
and 82 11)., resj)ectivcly, the slump was tested and found to 1 )b in. .Since the absorp¬ 
tion of the sand (for method of finding, see Art. 483) was U.f) per cent and of the gravel 
0.4 iHiT Cent, the w'ater absorbed by both was 0.5 lb. Hence the water free to combine 

* Report of Committee C-9, Proc. A.S.T.M., Vol. 27, Part I, p. 370. 
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300 


900 


with the cement was 10 — 0.5 = 9.5 Ih. and x - 9.5 — 25 = 0.38. The volume of 
the concrete was determined and then the batch was made into three G by 12-in. cylinders 
in accordance with standard jirocedure (Art. 485). (Similarly the three other batches 
were made and moulded into cylinders. On important work the number of batches 

should be doubled to reduce 
Cement Content (c) in pDundB per Cu. Yd. of Concrete \ft4T (•urillg 1 day in 

molds and 27 days in moist 
air all cylinilers were*, broken 
and the streuKth-Wiiter-ratio 
(,C-r) curve plotted (l^g. H). 
From the u’eights of innte- 
rials ;ind measured v[)luriies 
of batches, the 1^50100 1 con¬ 
tents and specific weights for 
the fresh eonerete u ere com¬ 
puted. l'hi!se data made 
l)Ossihle the plots of the 
strfiiigth-cement-content ( C-c) 
curve tiiid the weight-waier- 
ratio (IWr) eurviNS for 2 -in. 
slump. Tlie ratios of sand 
to total aggregate l)y weight 
were computiMl and ])lotted 
against the water ratio form¬ 
ing the S-x r.urve for 2 -iii. 
si inn])- 

lOnlering the C-x curve 
with F = 1)500 lb./in.-’, i is 
found to bi‘ 0 . 51 , by weight. 
Entering the f-r lairvi*. for 
2-in. slump with F -■ 3.500, 
the cement [■ on tent (r) is 
found U) l>e .500 lb. j)er eii. yd. 
of eoniTctra I rom tlie Il -r 
curve for 2-iu. sluiuyi, the 
weiglit of the concrete for .r 
= 0.51 is 4170 11). piu” cu. yd. 
From tlie aS-./’ curve fur 2-iii. 

slump the ratio of the sand to total aggregate i.s 0.35. Hence the i|uaiitities for 1 cu. vfl. 
of concrete with air-dry aggregates and the cost of materials only are: 



Fig. 8.—Example Diagrams for Designing Concrete 
Mixes Using the iStreiigth-Water-Ckmieiit-Ratiu 
Relationship. 
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0,51 X 500 = 255 
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Sun d. 

0.35(4170 - 7,55) l.OOO = 1188 

.00080 

0.95 

Gravel. 

n.(>5(4170 - 75,5) 1-004 = 2211 
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1.99 

Al).sorlM?d water. . 

118S X .005 + 2211 X .004 = 16 
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The allewances for moisture in the sand and gravel per eu. yd. of concrete are: 


Saiifl weif^liL with 3% moisture. 1224 lb- 

Gravel Aveisni with 1.5'/f; raoislure. 2244 lb- 

Water retiiiinai. . 255 lb 

E.xeess water in saiid, 1J88 (0.03-0.OOti). —29 

Excess waler in gravel, 2211 ( 0 . 015 - 0 . 004 ). —24 

Water to Vie arhleil. 202 lb. 

Cement. K)0 ||,. 

'J’oial weight of mati'rials per ru. yd. 4170 lb. 


On a one-sack basis, with aggregates iiioisL, the proporlions by weight are obtained 
liy dividing eaeh ol tlu' above ipiantilies by 500 -i- 94 = 5.32. Ilence ^vith one sack 
of cement there would be required 230 lb. of sand, 422 III. of gravel, ami 38 lb. of water. 
By volume, measured lofise, the proportions would lie 1 : VV" -102 = 1= 
wit h 4.5 gal. of water jiio’ sack of cement. 

Trial of the above mix in a mixer miglit reveal de/icieiicies in working rpialiias or it 
might indicate that slightly less sand and more gravel could be ccimomicMlIy used. 

For many types of l)uildiMg construidion more wnrkalde mixes than those just 
determined and more fluid consistencies arc desirable. Hence the ratio of saiiu to total 
aggregate shoiihl l>e inereased somewhat and tlie jiroiioriion of aggregate to paste 
redueed. For certain memljera the larger sizi-s of the co-arse aggr[*gali- should be elimi¬ 
nated. To design mi.\(‘S for such conditions llie f’-.r curve for lie materials is not 
appreciably changed but new C-c, and ll'-.r ciirv’cs should lie determined. Data 
for tliese can lie determined liy lri:i] without ])erforining strengtli tests. In Idg. 8 are 
showai sucli atlditional curves for a. 7-in. slum]), using the materials of the i)reviouB 
prolilem Avith coarse aggrt'gatc^ gradation unchanged. 

To fiioilitatb tlio uso of this iiudhoil, tho slumps, Hiiiui ratios and 
moisture contents suggf'stiMl by the JhirtJand Cement Asst)ciation in 
Design (uid Coritrol of Concrete Mixtnres are tal)uliit(‘d in Table 4. 


TABLE L—t.SEFlL IhVVA FOIL DESIGMNCi CX)NCRF/ri] MIXES 


JIkcommunobd Slomcs idii Conciuite 


l'yi>i! Ilf StriJi't-tirc 


Massive sections, pavements and doors laid on ground 

Heavy slabs, lieams, or walls. 

Thin Avails and columns, ordinary slalis or beams. 


SUMI--iNf'lIEH 


i M iiiiiiiiiiii 

Maximum 

' 1 

4 

: 3 

6 

! 4 

1 

8 


Recommended PnoT'oiiTiON.s of AGonEGATEB 


Maximum Size of Coarse 
AKEFfgatp, IiiL'hoH 

IIatio of Fink ♦ to Total, AGoiiKOATii o.\ IIasih of Diet, 
(L’oM^’.^^T Voi.TTMEH, Mkahijheu Hei*aiiatei-y 

jMiniiiiuin 

Maximum 

3 

Hi 

0 ..W 

0.70 

3 

4 

0.40 

0.60 

1 and over 

0.30 

0,50 


The Uner the sand, tho lower will be tbe peroent^e required. 

(Table continued on Poffa) 
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TABLE 4.—USEFUL DATA FOR DESIGNING CONCRETE MIXES {Continued) 
Appudximatk Amounts of Free Water in AoGREGATEa “ 

Very wet aand. (I to 8 per cent by weight 

Wet Hand . 4 per cent by weight 

MoiHt sand. 2 per cent by weight 

Moist gravel nr cniwlied stone. . I j per cent by weight 

Th[^ tiiiiiiuiiL ijf rri‘i' wuti>r carrii'd wiLli tin; liiicuHHH of the; aggregati;. 

Approximate Aiisorption or Air Dry ArioiiEOATES 

Ordinary saiiil. 0./) to 1 jier l■ent by weight 

Gravel and crushed liiiiestone. 0.5 to 1.5 j)IT cent by weight 

Trap rock and granite. 0.11 to 0.5 jicr cent by weight 

Fonius sandsbine. 7.0 per cent by weight 


SincR condition absorb water, allowance for 

absorption should be inadi* v^il^‘n they ar(‘ iiseil in that condition. The 
absorption may Ik* approximated by the method outliiHul in Art. 483. 
The values in l^alilt* 4 may be used in absenci* of t(\st data. 

On important work moisturi; determinations should b(^ run several 
times a day. Sirnph* methods are indicated in Art. 483. When moisture 
content determinatjons are not made, the approximate, values in Table 4 
may be assumed. 

4B3. The Determination of Absorption and Moisture in Ag^gregates.— 

Since the moisture in the apji^regjates is of considerable importance in 
determining the amount r)f mixing water to add to a given mix, we digress 
to considi*r simph* methods for determination. 

Afmyrption of air-dry fine aggregate may be approximated * thus: 

Weigh to nearest J sram a n‘presentative 3(K)()-graiu samjile of sand. 
In all succeeding opi'rations avoid loss of sand, Spr(‘ad approximately 
two-thirds of the sample in a shallow pan lb by lb in., or larger, sprinkle 
with a small amount of water, and mix tlioroughly. Allow sonu* of the 
moistened sand to flow from a smooth tin scoop into pan. Observe 
whether it flows freely, or forms balls. If it flows freely, spray on more 
water; if it balls up, add some sand from the r(*maind(‘r of the original 
sample. When the moistun* content has been raisetl until the sand is 
just on point of balling up as it Hows from scoop, determine weight of 
moistened siind, also wi'ight of residue of original 3()()()-gram sample. C'al- 
culate tlic pi'reentage of moislure to the nearest 0.1 per cent. Repeat the 
determination at least once. 

Th(* absorption of the coarse aggregate may be determined as follow\s: 
Immerse a represent at i\'e lOO-gram sample in clear water at room tem¬ 
perature for 30 minutes. Then pour off the water and surface dry by 
* See tt mure iiccurutc inetliud, A.S.T.M., Dea. C 12S-3bT. 
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rolling in a towel or clean cloth. Weigh sample after surface drying. 
Determine percentage of water absorbed to nearest 0.1 per cent. 

Moisture Conie/ni of an aggregate can be most accurately found by 
determining the loss in weight of a representative 1000-gram sample of 
sand, or a 2000-grain sample of coarse aggregate, after it has been dried 
to constant weight. Drying can be done over a hot plate, or by saturating 
the sand with alcohol and igniting. Since only the free, or surface, mois¬ 
ture is used in water-cement ratio calculations, this simple metViod must 
be follow’ed by a determination of the absorption of the aggregate. 

The free moisture can also be found from tlie differences in specific 
gravities of moist and surface dry sand as outlined in A.S.T.M. Des. 
C 70-30. A more serviceable device for fielil use devidoped by the Port¬ 
land Cement Association is shown in Pror. Am. Cirnc. Inst., v ol. 25, 
p. 266. In this connection also refer to A.S.T.M. ]>es. 128 ami 127. 

When the moisture in sand varies 1 or 2 per coni from Italcli to batch, 
the above methods requiring 20 to 30 min. per determination aj e slow and 
cumbersome. C. E. Wuerpel in constmetion of the A Mon lock on the 
Mississippi River measured the electrical conductance ol a port ion of the 
sand in the measuring hoppt'r {HCcEngr. Ncjns-Nec., Vol. 115, j). 52). The 
method is based upon the principle that the conductance of a givaai volume 
of sand under a given degree of compaction increases with the moistun3 
content. By making calibration.^ for the typ(‘ of vv atcT usimI ami for differ¬ 
ent temperatures in the sand he was able to determine raj)idly average 
moisture contents to 0.3 per cent of the .sand weiglit. 

484. Proportions for Different Constructions.—"Phe mixes listed 
below are satisfactory when good materials and workmanship are used. 
Proportions marked with an * refer to natural ceimuit mortars. I'or ease 
in laying, the Portland cement (C) in masonry mortars is often tempered 
with 25 to 50 per cent of quicklime paste or liydrattu] lime (/>). ( 'oinj)res- 

sive strength values are for inoi.st curing at 70° F. Allowance for effects 
of other temperatures can be made from information in Art. 539. P"or 
influence of different curing conditions see P"ig. 8 and Table 6, Ch. XIV. 


Mortar for 

Ijaying masonry: 

In exposed or wnt loration.s. 
In cxtnrior walls of Iniilding.s. 

Filling joints in sewer pipe .... 

Surfaces of floors and sidew'alks 

Wat erf) roof linings. 

Cement brieks and blocks. 


Prrjpdrh riilB 
by V uluino 

. 1:2 to 1 : 3 

/ K ':1/. :(kS’ 
.l 1 * : 2 to 1 • : 3 

J ] ;0 to 1 : 2 

.1 I * • 0 to I * ; J 

. 1 ;1 to J :2 

. 1 : 0 to ) : 2 

. 1 : 2ito ] : 4 

{TafAe continued un next pttge) 
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Connniti; for 

High Liiirly .strongth in pavpmrnis; strong 
coliiinns, hi*ains, iinrl sluhs; or for 

stnuituros viTy suviToly (‘xposi-fl. 

WalJs^ dams, jiitTs, pavt'rnr'nts, and otliiT 
aininturos riMH-iiring higli strongtli or 
watfTtightnoss; or for striioturcs so- 

voruly fxpost;cl. 

Walls, dams, pii-rs, rosorvoir linings, t;x- 
fKJsod to wcMihi'r in norlljf'rn f-limali\ 
Watertight Htnn*turf>, pipes, tanks, 
sewers, fOiverntTits, anrl thin nnanhiTs 

exposeil t.o frost action. 

Walls, dams, piers, reservoir linings, ex¬ 
posed to weathia- in southern climate. 
Haseaneiit walls or (hin structural parts 

suhjee.ted to rnoderali' exiiosure. 

Enclosed structural members, jjii;rs, re¬ 
taining walls, foundations, and fool- 
ings |)i‘ot(M*ted from alt errnite wetting 
and drying and from severe weather. . 
Mans concnde re(|uiring little' strength 
and wt'll pndecled.. 


Dfflired 

1 f ^iiiipresHive 

Wateh-Oe.ment 
( Rati o 

Proportions 
by Volume 

1 Slrfiriglh 

1 at. 28 
(Lb.-111.2) 

Ry 

Weight 

Gallurifl 
jjiT Stii-k 

5500 

0.40 

4i 

1 : 1:2 
lol : I 5 : 3 

45fK) 

0.50 


1 : n : 2 i 

till : 2 : 3^ 

3800 

0.55 

0 

1:15:3 
tol : 2i : 4 

3000 

0.00 

Oi 

1 : 2 : 3 
tol : 25 : 4 

2200 

0.05 

71 

1 :21 :35 
ti) 1 : 3 : 5 

18tK) 

0.75 

85 

1 : 25 : 45 

tol ; 35 : 0 


4B6. Testing the Quality of Concrete. —Auxiliary tests on the aggre¬ 
gate are of assistanoe in making a selection of tlie proper aggregate, and 
the list; of proper iiietliods of proportioning tends toward economy in 
cement, but tlie value of these tests and schemes cati only be ascertained 
hy tests on the concrete itself. In making such tests, the sampling and 
proportioning of llie materials, the method of mixing, the placing and 
the curing conditions for the specimens should all be controlled so that 
the test-piec(\s will in every way represent the concrete to be used in con¬ 
struction. AA’orkability tests and strength tests arc the chief control 
tests made on concrete. 

Workability is usually measured by the slump or the flow of a conical 
frustum of fresh concrete. To make the slump, or consistency, test (sec 
A.S.T.M. SUirul(irdti), a, frustum with top diameter 4 in., bottom diameter 
8 in., and altitude 12 in. is placed on a metal bfise and filled with fresh 
concrete in three eriual layers. As each layer is placed, it is puddled 25 
strokes with a bvdlet-pointed rod. The surplus concrete is struck off, 
the mold slowly withdrawn vertically, and the subsidence or slump of 
the top of the mass is measured. The flow test is described in App. A. 
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For testing the compressive strength of concrete a cA’Jinder with ratio 
of dianieter to height of 1 : 2 is good practice (see Arl. 113). The diameter 
of the mold should bt? at least three times and prt'ferably four times the 
maximum diameter of the aggregate. With aggregate bid ween | in. 
and 2 in. in nuixinium diamider, a bX 12-in. cylinder is generally used. 
For tests of concrete with largei- sizes of aggn-gate SXi(> and 10X20-in. 
cylinders are used. Standanl methods for making and testing compres¬ 
sion specimens are given in A.S.T.M. Stmidards (see also App. A.). 

Transverse tests of concrete afford a good means of determining quality, 
especially in concrete pavement construction. By use of the modified 
cube test, Art. 113, the compressive strength can also be obtained from 
the beam luids. Midhods of mixing, molding, curing, and testing ai e given 
in A.S.T.M. Standnrd,'<j Des. V 78 3S. It is esseiitial that non-rd^sorbent 
molds be used. Beams should 1)0 molded in two equal layers. Facli 
layer should be puddled with a -J-in. rod, 25 strokes |)er sf|uare foot of top 
surface. The sides of each layer should be surfaced with a mason/s trowel. 
The top of a beam should be struck off ffush with thi^ top of tlu^ mold with a 
trowel. Evaporation of moisture fioni the top surface should be pre¬ 
vented by placing the lK\am in a moist closet or by covering the top with 
a wet canvas until the molds are stripped. For concrete made wit h aggre¬ 
gate having maximum diameter of ;j to 1 m in., a l)eam dXb in. in cross- 
section can be used; for concrete of aggregate iiniler 2 in. in size, a beam 
(iXt) or OX 8-in, in cross-section is satisfactory. The sj)an length for the 
beam should not be less than twice and pieferably not less than three 
times tlii^ diq)th of the beam. 

Loading beams at the tliirrl points of the span produces a wider dis¬ 
tribution of the maxinuiin fd)er stre.ss than a center loading or a canti¬ 
lever loading. For third point loading, the lengtli of span is immat erial * 
when the length is over twice the depth, but lor the center loading and 
especially the cantilever loadings the effect ol span li'ngtli is noticeable. 
The cantilever loading gives tlie highest modulus of rupture and the third- 
point loading the lowest. The discrepancy for short spans Jiiay amount 
to 30 per cent. Hence it is necessary to specify the method of load¬ 
ing for transverse tests on concrete. A suitable machine for fiidd testing 
is described in Art. 52. Owing to the presence of more or less shrinkage 
strains in the top surfaces, it is well to subject top fibers to tensile stress 
in making beam tests. The relation of rnralulus of rupture f/ orn iK^arn t ests 
to the tensile and compressive strength of concrete is considered in AH. 513. 

When using either strimgth test as a criterion of rjuality, there should 
be made at least three specimens for each variable covered. For high- 
early-strength concrete, tests at 1, 2 or 3 days are made, but for ordinary 
mixes 7 and 28 days are the more common test ages. In some road con- 
* See Report of Research Director of Portland Cement Association, 1D28. 
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struct!ons, beam tests are run at frequent intervals in order to determine 
the proper time for opening the road to traffic. When the durability of 
concrete is in question or the effect of curing is to be ascertained, tests 
should run over much longf^r periods of time. 

For cert^ain purposes, abrasion, absorption, fire or freezing tests of 
concrete are made (see C'h. VIII and XIV for types of tests used.) 

486. Quantities of Materials Required for One Cubic Yard of Morteu* 
and Concrete. - The values given in Talde 5 are computed from the results 
of yield tests on 1.^ different sands and screenings.* All of these aggre¬ 
gates were in air-tlry condition at the time of test. It will be appreciated 
that the valii(\s will not apply to all mixes with equal accuracy, since the 
kind f)f ccunent, p(‘r cent moisture in aggregate, gradation of sizes, and 
percentage of particle.^ passing a No. 100 sieve will cf)nsiderably influence 
the yield. Thf‘ grf^atest variations in yield are produced by variations 
in thf‘ moisture eonlfiit in the aggregate. If the per cent moisture is 
known allowancf* for such variations may be made by using the informa¬ 
tion in Fig. 5 in cr)nn(‘ction with the yields in Table 5. 

Tj. -YlT'flJ) TX MORTAR FOK DIFFERENT rilOPOirriONS Ol'^ VARI¬ 
OUS AtRlREOA l luS MA.SED ON LOOM!'] MEASl'REMENTS OF VOLUME * 


All ns ]);issi'rl a i-in. sinvn jind were air drv. Plastii* noiisistenny 


Nn.j 

ClT (flit 

\ Hills 

1 'i:ii ( 'i; 

III 

VT (IIY \v 

;ii) 

r.) I’as.sin 

' 

."»() 

C .SiKVK 

UMI 

1 : 2 

1 : .{ 

DJI Mix. 

1 : 4 

. 

St. 

:;7 0 

100 I) 

0 

0 

0 

1 1S 

I ll 

1 OS 

1.07 

Sill. 

;{(i fi 

SO 1 

3!) 0 

!) 1 

2. S 

1 IS 

1 OS 

1 0.3 

l.Ol 

Sill>. 

37, 

S 1 , -J 

01 1 

31 3 

!). 7 

1 23 

1 13 

1 10 

1.07 

Sil3. 

;;s ‘j 

!l 1 . !i 

3!) 7 

13.7 

1 2 

1 22 

111 

1 no 

1 03 

Silt. 

;;!i s 

100 0 

It'.s 

02 3 

X. 0 

1 30 

1 13 

1 01) 

1 1)4 

Siiri. 

1.3 3 

101)0 

[)!) S 

07 0 

3 7 

1 22 

1 01) 

1 03 

0 1)1) 

Sil7. 

3(i,(i 

07.7 

23 0 

112 

2 2 

11!) 

1 07 

0.1)1) 

0 1)3 

SilS. 

:ir., 1 

S'J () 

3.3 3 

10 1 

1.1) 

1 ' 

1 01) 

1 03 

1.01 

Slid. 

3(i () 

CiO S 

13 0 

1 0 

1 4 

1 It 

1.03 

nos 

0.1)0 

SillO. 

27. [) 

00.7 

310 

17 1 

0 3 

1.20 

1.14 

1 03 

0.1)0 

Stll 1. 

.J'lJ) 

72 0 

23. S 

4.3 

0 3 

1 21 

1 08 

1 .01 

0.1)1) 

. 

\2 [) 

02. S 

33 3 

25 1 

13.0 

1.13 

101 

0 1)3 

0.88 

Sk:5. 

3‘1,() 

01.0 

2S, 0 

11) 3 

13 X 

1 13 

0.!)1) 

0 1)2 

0.)^ 

.. 

10 0 

00 0 

32 0 

23. S 

13 1) 

1 13 

1 01 

0 1)3 

0.88 

'tRl 

13 1) 

1 _ 

:m 0 

1 

13,4 

113 

7.3 

1 07 

0 1)7 

0.81) 

0.84 


♦ PIT nihil’ fiiDl (if I’l'iiiiiiL was taki-ii at KKI lb. 

I Sil saiiil; sji HiTiM'iiiiiKfi; Tr - zliir iiiiiii' lailiiiR.s. t Standard Ottawa sand. 


For comiuon mixes and aggregates the volume of concrete can he very 
closely e.stima1(Ml from the sum of the absolute volumes of the dry mat/e- 
rials and the watiu*. With lean mixes and also with porous aggregates 
♦ /Vnr. A.S.T.M,, Vol. 13, p. 834. 
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such estimates will be smaller than the actual volumes of concrete, 
followiug statements of this principle are useful: 


S = - 


0.5+x'- 


W. 


II' 


s=- 


{)2.5Ks 02.5 Ay 

27 _ 

0.5+x'+.s(l —i'.v) + i7(l —cy)' 


The 


( 1 ) 

( 2 ) 


Here >S = the number of sacks of cement per cu. yd. of concrete; 

j'=the volume of water in cu. ft. per sack of cement; 
ir* —pounds of siirface-tlry fine aggn^gatt' per sack of cement; 
ITy = pounds of surface-dry coarst* aggregate jx'r sack of v;eiiient; 
Ks and A'y = apparent specific gravities of line and coarse aggri'gates, 
r(\spectively; 

s = numb[‘r of volimit\s of fine aggn^gate per sack of cement; 

.r; = numb('r of volumes of coarse aggri'gati' per sack of cement; 
i\, and t;y = voids in fine and coarse aggregate, respectiv (‘l.v, as measured 
on jol). 


In using (ather of these rules the excess moistun' in tlu' aggregatf\s should 
b(' included in computing x'. 


Examph: ('iiltHiliiltJ the ni-'itnritils rctinired fnr 2()() ni. yd. of 1 : 2 : 3 (l)y vol.) 
cnnrTPte. The wriler-rnniont rtUio is i\ k:i 1, per s:iok ef cpijiijiit. saiiil roniiiins 3 

per rent and the Rravad 1 per t^erd i»f oxr^ess wiitrr. Tlii^ wiMKhts \nx cii. ft. inrasurptl 
lonse at the job are sand Df) anil i^ravel 102 Ih. Appan nt sperifir ^^ravities are siind 
2.05 and gravel 2.70. 

ny rormnla (1): .r' - (1 - 7.a - O.S, IP, - 2f!>a ’ 1.03) - IK5 Ih., and 

- 3(102 - 1.01) - 303 111., hrnen 

27 

S - - —- — -- - - “ 0.11 sariks 

0.5 -h 0-S + 1S5 (02.5 X 2.05) -f 30:; • (02.5 X 2.70) 

Sand, innisture iriiliided, per eii. yd. nf eniierrie 0.11 X 2 X 05 = 1215 10. Gravel, 
iiiuisture inrluded, j)rr ru. yd. of ronrrrtc — 0.41 ,< 3 X 102 — 1!)00 10. Water to be 

.03 .01 

added per rii. yd. - 0.41 X O.S X 02.5 - 1215 X - 1000 X y- = 205 10. 
lly formula (2): the voids may Or measured, or from data aluive, 


hence 


1 


95 --J^4)3 
' “ 02.5 X 2.05 ' 

~ aiT+ltH + 2 


0.557 and 1 — 


102 - 1.01 
02.5 X 2.70 


0.599, 


27 

X 0.557 + ,3 >( 0.599 


= li.41 safiks. 


If purehased on a surface-dry 0a.sis there would Or required for 1 rii. yd. of ronerete 
n.59 ton of sand and 0.97 ton of Kravtd. If sold damp) and loose Oy the laiOie yard the sand 
required is 1215 (27 X 95 = 0.4S ru. yd., and thr.‘ gravel is 191>0 (27 X 102) = 0.71 

fu. yd. Values of .specific gravity for common ag,gregates may be found in Art. 471 
and 208. Errors of 0.1 in the a.ssiimed value will not^greatly affect the eonipuied quanti¬ 
ties. Voids may V>e readily computed by entering Eig. 6, Art. 471. with weight of sur¬ 
face dr>^ sand in a cubic foot and apparent specific gr avity. 
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4B7. Interpretation of the Meaning of Proportions. —Sometimes it 
becomes necessary to substitute a pit-run gravel or other mixed aggregate 
when the spf!eifications call for separate ineasurejiuMit of the fine and coarse 
aggregate. Since such sulistilution often causes disagreement, it should 
be provided for in the specifications. To ilhistrale, consider a 1:2:4 
mix of cement, sand and gravt;! measured by volume. It has been errone¬ 
ously argued many tiMii\s that the ecjuivalent projiortious with pit-run 
gravel are 1 : 0, \vh(‘r[‘as volume measurements of 2 : 4 mixturt^ of sand 
and gravel will giuierally show^ that about 1 : 5 or even a riclier proportion 
is the propra- e(|uivah‘nt. Furlhermore, unU'ss the pit-run material is 
well grad(*d, it is lik(‘ly that the riuality of tlu^ substituted mix will be 
inferior to the specified even though the equivalent ratio of cement to 
aggregate is used. 

MIXING, PLACING, AND CURING 

40B. Principles of Proper Mixing.—The first consideration in mixing 
" either mortar or conci f‘te should be t o bring all malvrials into a homoge¬ 
neous mixtur(‘ cf uniform (!onsistency in I he minimum amount of time and 
without waste. Whatever nudhod of mixing is used, in order to insure 
that in tlu* comphuCd bateh eaeh giaiii of aggr(‘gale will be coatcal with 
cement paste, I lit? aggJ egate and cement shouhl be dry mixtal for a short 
time. The object of Mns dry mixing is to distributi' I'vtuily the cement 
throughout the mass ai. d to prevrmt it from lialling-ui) whtui the water is 
added. Since the time of mixing may ))e somewliat shortimed if dry sand 
is employed, it may lie ec»')Oomical on large jf)bs to eover the storage jiile. 
On the oth(‘r hand, a porous aggregate slniuhl not be alh)vved to completely 
dry since it will alisorV) wati'r from the ceimait j)asti' and adversidy affect 
the hardening properties of 1 he mix. Instances in whieh this action has 
caused a failure of the structu re have been recorded. 

The question of the proper consistency is largely dependent upon the 
character of tlie work. At thye ])resent time variations from a dry con- 
Bistcney which will barely sin nv moisture under heavy ramiiiing to a 
soupy mix which can be sjjouie'd into the molds are in use. The general 
practice in this country is to ein ploy a wet mix which will readily flow for 
nearly all reinforced concrete coi “J^truction, In Kuropean countries prac¬ 
tice favors a somewhat drier coi isistency. The effects of different consist¬ 
encies on the properties of iiiort>ai* and concrete are discussed in Art. 503, 
511 and 527. 

4B9. Hand Mixing. — Morta'r can be hand mixed most satisfactorily 
in a tight wooden or sheot-nieti^d box. For a 3- or 4-wheelbarrow batch a 
box 4X8 ft. V ith sides 8 or lO^in. high is convenient. The sand is spread 
in a layer of uniform thickney>s over the bottom of the box and covered 
by a similar layer of cement,, or if the batch is large the cement may be 
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sandwiched between equal layers of sand. The diy niiiterials are then 
thoroughly mixed by hoe or by shovel until the mass is of uniform 
appearance. 

If shovels are employed the men should work in pairs, partner facing 
each other on opposite sides of tin* box. Jieginniiig at one end and work¬ 
ing toward the other, both men shoAad siiniiltaneously into the pile giving 
each shovelful a flip which st^attius Ihe material as it falls. The entire pile 
should be given at least three turns in this imiimt'r, A long crater is next 
formed in the pile and liilcfi Avith watru*. The V)atch slmuhl tlieii be given 
at least tliret' more turns Avilh the shovels. 

Mixing b\' hoc' is not so effc'ctive as by shovels, if tAvo or more men are 
available. If the hoc' is employed, Avatc'r is generally added at thi‘ end of 
ihe box, the chy mix is ra))idl\’ clraAvn down into it, and the whole' mass 
vigorously worked unlil tl\f‘ cmisisti'iicy is uniform. 

For hand mixing of concrc'te, a light platform someAvhat larger than the 
mortar box is dc'sinddc', and the mixing sliould bc^ done' AAath shovels. 
The folloAving mc'thod is rapid and conserves labor. The :-^tnd is spread 
in a layer 4 to G inchc's thick at one* end of the platform a/rul eovc rc'd with 
the propc'r proportion of (jemc'iit-. Idu'si' matcutids [ir/ ihon given tliree 
turns and the mixture formed into a wide' crater intyf wliicli tin' stone or 
graved is dumped. The' prcahtc'rminc'd amount of A^atc'r is t lic'ii poured 
o\a.‘r the griivc'l and thc' edgc's of thi' pile' grailual/y turnc'd in to al)sorb 
the Avater. Thc^ Avholc' mass is then giAa*n three oiTmorc' turns until it is of 
uniform consist ('ncy. jt 

Foi' mixing small batclic's cd d to o GX l2-in/|p.<| eylinders, a lU X5-ft. 
tray of No. IG gagt‘ galvaiiizc'd iron with its /f;il^r‘S rolled upwai'd about 
d inches is convi'nic'iit. The jn-ocedun* for f)utlin(‘d abo\'e is satis¬ 

factory, but thr; dry sand and cement sln>ul/[ mixc'd at least, six turns 
and the wetted bat ch tc'ii turns. r 

490. Machine Mixing.— Most concrete'f nc)AV mixed by machine. 
Although thc'rc* are a grc'at many dc'signs forms of mixc'rs, they may 
all be separated into two chisses -batch ^^j^ixers and continuous mixers. 
In the operation of a batch mixer a dc'tiir^j^f. charge of matc'rials is mixed 
ami discharged before another batch is admitted. Thc^ other type of 
ndxer rc'ceiA'es and discharges material P^^ontimiously. 

In general, concrete made in a batch Vnuxer is more uniform than the 
product of the continuous mixer for the‘9 reasons: All portions 

of the charge are mixed together in thc^ V batch machine, Avhereas in the 
continuous mixer product the uniformity^ successive portions depends 
upon the regularity of the feeding device. ^ Furthf rrur>re, in most types of 
continuous mixer the time of mixing is short, for thorough work, 

whereas in the l)atch machine the mixin]^ ^ period can be regulated as 
desired. 
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In selecting a mixer, special attention should be given not only to the 
initial cost of the machine but also to other factors which vitally affect 
the r 4 uality of the product, efficiency, cost of operation and maintenance, 
such as: 1, time required to produce a homogeneous mix; 2, waste in charg¬ 
ing and discharging; 3, rapidity of charging and discharging; 4, ease in 
cleaning; 5, durability of mechanical parts; 6, capacity of the power drive; 
7, visibility of charge during mixing; 8, accuracy of w^ater-fceding device; 
9, unifonnity in quality of discharge; 10, completeness of the discharge. 
In general the capacity of a batch mixer should be a little greater than can 
be handled V)y the gang employed. 

In mixing with batch mixers it is desirable to have the sand, cement, 
and coarse aggregate intermingle as much as possible as they are gradually 
chuted into the mixer in order to cut down time in the mixer. A small 
amount of water should precede the dry materials, and then it should l)e 
continuously admitted in such manner that the bladtis and dmm are washed 
and the water is well distributed through the mass. Usually admission of 
water is continued until after all other materials are in the drum. Experi¬ 
ments with sm&'U mixers on wet concrete have shown that the 28-day 
compressive streng^th of the concrete is iinprovt^d from 5 to 15 per cent by 
increasing the time\uf mixing from 30 sec. to 10 min., but the gain in 
strength after mixing ^ min. was small. Premixing of the cfunent and 
water does not affect aiu increase in strength. For producing uniform and 
impervious concrete, cured only a few days retpiire more mixing than 

those cured a month; leij^'U mixes require longer mixing than rich inixt's; 
dry mix(‘s recpiire longer than wet mixes; and mixes with fine 

sand rtajuire more time thaT^ those with coarse sand. 

For mixers of 1, 3, and 5 \CU. yd. capacity, the Bureau of Public Roads 
tests * indicate that there h} material gain in strength obtained by 
extending the time of mixinjUM concrete of 1 to 6-in. slump beyond one 
minute. They indicate also the largest mixers there is a con¬ 

siderable addition of fine mate^r^**!*!! owing to attrition as the mixing period 
is increased from 1 to 4 min. Grand Coulee Dam j the total time 

required for mixing w as 3 min. ^with I of a min. allowed for charging and 
discharging the 4 cu. yd. mixers,] 

In cities of 50,000 inhabitanrt*^ over, ready-mixed concrete is now^ 
bcang sold. This commodity is i pruduced either (a) by a central mixing 
plant and hauled to job by truT^*^"^ equipped with agitators or (/;) by a 
central proportioning plant ant ^ ^ transit mixer which operates during 
conveyance to the job. Tests Hnllister f indicate that there is 

little effect on compressive strcivariations in time of transit 

* Puhlic Romts, J i'^D. ^^^28, and NovpmbDr, 1934. 
t Enffr. Jan. 23, 1930, p. 119. 

t Proc. Am. Cof 28, 1932, p. 405. 
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mixing from 40 turns of the drum up to a period of 90 min. The concrete in 
Hollister’s tests had 5 sacks of cement per cu. yd. and varied from 1 to 7 
in. in slump. Since the slump decreased markedly during the longer 
periods of mix, it is evident that workability is the principal limitation on 
time of mixing in such operation. 

If full advantage is to be taken of the properties of drier mixes which 
now can be so effectively placed by vibration, either longer time must 
be allowed in mixing such batches with present mixers, or six»cial mixers 
must be de\signed to handle the drier concrete. 

491. A Comparison between Machine- and Hand-mixed Concretes.— 
If a sufficient number of turns is employed, concrete can Im* as v ell mixed 
by hand as by machine. However, the cost of such thorough work pro¬ 
hibits its use in practice. With the practiced ini'thods of hand mixing it 
is not possible to secure so homogeneous mixtures as with machine mixing. 
This non-homogeneity of the hand-mixed material is esptnnally noticeable 
when the permeability of the concrete is tested. 

In a series of tests at tlie University of Wisconsin on fnrty-c^ight 10- by 
24-in. cylinders of concrete, made in proportions varying from 1 : 1 : 2 to 
1 : 4 : 8, by volume, with crushed limestone coarse aggregate, the relative 
strengths of hand- and machine-mixed concretes were determined. In 
making the haml-mixtMl sp(‘cimens the cement and sand were turned twice 
dry; the cement, sand, and stone, twice dry; the whole mass was then 
wetted and given three more turns, d'he machine-mixed concrete was 
turned for one mimiti* ilry and two minutes w(4 in a No. 0 Smith batch 
mixer running at 2G r.p.m. In ord(‘r to obtain a meilium consistency, the 
machine mixes rtMiuireil an averages of 9.2 jH'r emit water and the hand 
mixes took an averagr^ of 9.9 per cent water, by w(‘ight of dry materials. 

As a r(*sult of tln^ extra wat er and lack of mixing in the hand mixes, the 
average ratios of the st rengths of specimens of machine-mixed concrete to 
the strengths of the hand-mixed averaged as follows: 1:1:2 mix, 1.38; 
1:2:4 mix, 1.25; 1 : 3 : 6 mix, 1.33; and 1:4:8 mix, 1.07. 

492. Handling of Concrete.—From the standpoint of securing good 
concrete after placement, certain fundamental principles should be borne 
in mind in handling the cfincrete. 

For conveying concrete, whetdbarrows and two-wheel carts are com¬ 
monly employed on small jobs, whereas elevators with gravity chutes, ears, 
belt conveyors, and cableways are used on large structures. For lining 
tunnels, concrete is often transported by compressed air. In using wheel¬ 
barrows or carts, attention should be given to minimizing the length of 
haul not only for the sake of economy in labor but also to prevent separa¬ 
tion of the ingredients in the wheelbarrow due to jarring. The spouting of 
concrete by gravity requires a very wet, soupy mixture, unless a high 
pitch is employed; consequently the strength and density of the product 
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suffer when this method is used. Whatever system is employed, the 
number of changes from one conveying vessel to another should be 
minimized in order to avoid waste of mortar due to slopping. 

At a power cost approximating 1 cent per cu. yd., concrete of 2- to 
6-in. slump can be pumped through 6- or 8-in. pipes for horizontal distances 
up to 1000 ft. by Pumpcrete machines. The latter are built to deliver 
up to 65 cu. yd. per hr. 

For placing concrete under water, some method must be used which 
prohibits the separation of the cement or mortar from the stone. This is 

sure to f)ccui' if the concrete is poured 
into open water; tlu* stone,sand, and 
cement will be found in layers one 
above the other in the order named. 
Whenw(‘r possible the work should 
be eaiclos(‘d in a coffer-dam to avoid 
wave action and prevent currt'iits 
about the structure. Enclosed 
buckets holding \ cu. yd. or more, 
which can lowered to the bottom 
and (‘inpti(‘d without the contents 
being suhj(‘cted to the wash of the 
water, have hvm successfully used to 
deposit concrete in depths of 200 ft. 
In this method a dry consistency is 
employed and care is taken to create 
as little disturbance as possible in 
raising and lowering the bucket. 

A tremie, or pipe with a flared 
top and of sufficitait length to reach 
bottom, is often used to deposit 
concrete under water. Commonly 
a battery of tremies is effectively 
centered over the work. Then each 
tremie is ki'pt filled with concrete as it is gradually raised. 

In the construction of foundations for the San Francisco-Oakland Bay 
Bridge, concrete with 6 sacks of cement per cu. yd., 50 per cent of the 
aggregate sand, and a water-cement ratio of 0.85, by volume, was used. 
At one month the compressive .strengths of core.s cut from thi.s sub-aqueous 
concrete averaged 3562 to 3954 lb./in.-. (See Proc. Am. Cone. Inst., 
Vol. 33, p. 346 1.) 

493. Placement of Mortar and Concrete. —Mixtures of dry consistency 
should be placed in layei-s not over 8 in. thick. Wet concrete can be placed 
in much thicker layers depending upon the consistency and width of the 
cross-section. Dry concrete should not be allowed to faH more than 


i I 

Fia. 0.—Fiirinp; anil Tiiiiipiiig Irons, 
(tt) (iriiliron tfiiiiin’r for fai-ing .sido 
walls, (/j) FImI-Ou-i'iI iMinpcr. (c) Grid 
tamper for Hours or wiilks. 
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a few feet, since the coarse 
aggregate is likely to become 
separated from the mortar. 
When concrete must be poured 
from a considerable height, 
it is desirable to use an inclined 
chute both to avoid separation 
of ingredients and to avoid 
excessive pressure on forms.* 

In placing concrete of 2- to 
6-in. slump, use of the spading 
and facing tools shown in Fig. 
9 will improve tlie appearance 
of vertical surfaces. For plac¬ 
ing concrete of 1-in. slump or 
less in sidewalks or floors, the 
grid tamper is useful. Fockets 
in thin walls and columns can 
be avoided by puddling a wet 
mix with long rods. 

yihraiors. —The internal, 
electrically driven vibrators, 
I'ig. 10, art' ('ffectivti devices 
for uniformly consolidating 
concrete in walls, columns, 
beams, or other units. Ex¬ 
ternal vibrators are usually 
applied to horizontal surfaces 
like floors or pavements or to 
the compaction of concrete 
products in molds. Pavemt'iit 
slabs have been succtissfully 
compacted by vibrating a cy¬ 
lindrical tube supported by 
and in front of the finishing 
machine in the roll of concrete 



formed at the strike-off device. 
Vibration of forms or of rein¬ 
forcing has not met with favor 
in this country. 

In most of the vibrators a 
displacement of 0.03 to 0.09 in. 


Fio. 10.—Types of Vibrators. kSizos; (1) 1| by 
21 in., (2) 18 by 18 in. (with shaft), 

(3) 2i by 20 in., (5) by 18Fii^- wt. 96 lb. 
(2 men roquirod). (4) External Vibrator, i 
H.P. motor. Speeds (1) 12,000 r.p.m.; 

others 3500 to 5000 r.p.m. 


from mean position is caused by revolving an eccentric weight at a speed in 


* See discussion in Engr. Record, Vol. 59, p. 279. 




444 


MAKING MORTAR AND CONCRETE 


excess of 3500 r.p.m. Using an internal vibrator with a spud 2| in. in 
diameter, Avcighing 24 lb., running at 6000 r.p.m., and an eccentric moment 
of 2.3 in-lb., it is possible to consolidate concrete of 0-slump into a plastic 
mass within a radius of 12 in. of the vibrator in 20 to 30 sec. With concri^te 
of ^-in. slump the time requirement is about one half. The energy retpiired 
to consolidate 0-slump concrete is approxiraatcdy 1500 to 3000 ft.-lb. per 
cu ft.; for g-in. slumj), the t;nergy reriuired is one fourth as much. 

Vibrators are most effectively used on relatively dry mixes, preferably 
with slumps less than 2 in. Their use makes it possible to reduce sand 
contents down to 2K to 35 per cent of tin*, total aggregate weight and to 
place more harshly graded mixes than with hand methods.* 

Strong coMCretfi and early fr)rm removal have been attained in certain 
house constructions by applying a partial vac\ium to a wet concrete after 
placement. Thus the fluidity of the concrete is effectively used in placing; 
then the excess water, harmful in hardening, is removed before setting 
occurs. (St*e Nroc. Am. Cone. Inst., Vol. 34, p. 305.) 

In sidewalk and floor construction it is best to roughen and clean the 
base befoiM^ it has hardened and apply the topping immediately. Com¬ 
mittee 802 of the A.C.l. rt^commemled the 
following topping. Make a mix of 1 part 
cement, 1 part coarse sand with not more 
than 10 per cent passing a No. 50 sieve, and 
TJ to 2 parts of gra^’el or crushed stone 
ranging from \ to jj in. in size. Use 4^ to 
5 gal. of wat(‘r i)er sack of cement, a 2-niin. 
mixing period, and a consistency as dry as 
can be screedinl. If necessary, a small 
chang(' can l)e mafle in the coarse aggregate 
proportion. After this topping mixture has 
Vieeii screedeil to proper h'vel, it should be 
floated with a wood float until a small amount 
of mortar is brought to the surface for finish¬ 
ing purposes. '^J^hen it should stand for 30 
to 45 min. to prevent an excess of fine 
particles coming to the surface when it is 
Kio. 11 .-Mi'thnils 111 MiikiiiK Stwl trcmc'liiig .should then bo 

WiiUr-tiKlit .liiiiit.s. done until tho surface is .smooth and free 

from defects. 

The Cejncjil Gun. —An apparatus which is being considerably used 
fur applying a coat of mortar or grout to large surfaces is the cement gun. 
The es.sential feature of this machine is a vertical tank into which the mix¬ 
ture of sand and cement is admitted through a bell hopper. At the lower 

• Si*i* Prftc. (^irrir. /ri.sf., V»l. 31, pp. 527-551; Vol. 32, p. 445. Sen aLso Proc 
HighwiAy Rc^t. Hoard, Vnl 15, p. 217; Vnl. IG p. U)3; Vol. 17, pp. 27l)-327. 
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end of the tank is placed a horizontal wheel Avhicli is provided with radial 
arms to sweep the dry mortar under an outlet pipe. Tlu' dry mortar is 
driven out of the tank by means of air pi*essure which also serves to operate 
an air motor that turns the distributing: wheel. From the outlet the mix 
is driven through a flexible hose, which may be f)f any length up to 2(X) 
ft., to a nozzle. As the mixture is shot through th(' lattiT it is tempered 
with sufficient water to produce a plastic mortar and is tlu'ii deposited 
at high velocity in the form of a .spray on the surface of the work. For 
mobility the machiiu‘ is mounted on a tmck. 

In 1936 tests on 1 : 3, 1 : 4, and 1 : 5 mortars ])laci‘d in fifty-three 
3- by 3- by 28-in. prisms l)y a cement gun wvrv made for a thesis by 
R. 1). Culbertson and L. J. Deno at the University of Wisconsin. Their 
data show^ that there was little difference in the averagi' strengths ol these 
mixes after placement by the gun. After 7 days dani]) curing and 21 
days in the air of the laboratory, tin; moduli of rujUiin' of individual 
specimens of gunit(‘ ranged from 629 to 1031) 11). /in.-, and the compressive 
strength (inotlified culje method) rangeil from 4750 (o 11,110 ll)./in.^. 
Other tests show such mortars have high density. {ConrrrU, Vol. 9, p. 26). 
The cement gun has been used for facing dams, for reiniorcing old sewers, 
for placing a protect!vi; coating of mortar around structural stiad in build¬ 
ings and tunnels, for lining tuninds, and for repairing the walls of furnaces 
and coke ovens. 

494. Joining Old and New Work. Whenever w^ter-tight concrete is 
desiri'd, pouring should b(‘ carried on continuously * or a watr*r-tight 
joint t niiist be provided (see Fig. 11). On le.ss important structures the 
surfacr- of the old work should be roughened thoroughly, cleamal of all 
laitance and dirt with win* bru.shes, saturated with vvati*r, and then allowed 
to dry until the surface will alisorb water from the fresh mortar or concrete. 
For roughening tlu^ .surfaci* of old work, dilutf‘ hydrochloric acid is (‘ffective, 
but it should Ik‘ entirely washeil off befon* lionding. 

A vibrator is a valuable aid in V)ondiiig fri'sh concrete or miirtar to old 
work. In 1936 at the University of W isconsin a series of 42S flexural tests 
on 6- by 6-in. lH*ams testcal over a 16-in. span rnadi' by .1. K. Lit^bmann 
and R. E. Stieinke to dett'nnine the bond of fresh concrete to hardened 
concrete (Proc. Highway Rpsearrh Poard, Vol. 16, p. 193). Included 
A'ariabh\s in these tests were 3 water-cement ratios, 3 slumps, both high- 
early-strength and Portland cement, vcTtical and horizontal joints, two 
ages at bonding and two age.s of bomling, vibration, and hand placement, 
and condition of the .surface. 

All specimens were cast in tight forms and moist-cured until tested. 
Surfaces to b(‘ bonded were cast against clean plyw^ood. In bonding speci- 
ExMmjjli'.s in LTfrling .stiiniJ i)iin*.s, Concrett Cement A gt', 1913; February, 

1914. 

t I'ur c.vainplKS nf joints, .see Kirjil. of Coin. Iv8, Prrjc. A,C.I., Vola. 24 and 25. 
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mens with vertical joints, an external vibrator was used for 10 sec. or less 
per spticimen; for bonding on horizontal joints a 1^-in. internal vibrator 
was used for 15 to 20 sec. per specimen. Beams were made with two 
joints 9 in. apart and tested with a joint under a center load over a 16-in. 
span. Reported bond values are computed moduli of rupture. 

The following are some of the more important conclusions obtained 
from these tests. Bnishing or grouting of the hardened surfaces had no 
appreciable effect on the bond of the liigh-strength concrete of 0.47 w/Cj 
by weight. Allowing tlie surfaces to be Vioiuh'd to dry for 3 days in the 
laboratory air effected a 15 to 25 per cent increase in l)ond over that 
obtained when surfaces were dried 1 day. Ageing 2 days or 28 days prior 
to bonding produced no effect on the 28-day bond strength. Changes in 
consistency from 0- i,o 6-in. slump affected the bond strength little, if the 
W'ater-C(anent ratio was constant. The 28-day bond strength of high- 
early-strength concr(‘te was 10 to 20 per cent higher and more uniform 

than that developed by Port¬ 
land cement concrete. The 
l)ond of the latter increased 
approximately 30 per cent 
Ixitween 7 and 28 days. 

For concrete of 0.47 w/c 
tlie V)ond modulus of rupture 
in a series of 108 tests averaged 
over 500 lb./in.-, with a mini¬ 
mum of 338 Ib./in.^. The 
avt'rage ratio of bond to nornial 
modulus for this series of tests 
was 0.67. lugure 12 shows the 
effect of the w ater-cement ratio 
on bond and also the superior¬ 
ity of the bond at the top fibers 
in vertical joints. With hori¬ 
zontal joints there w^as less 
range in bond, although the 
average bond w^as about the 
same as in vertical joints. 
With cement conttait constant, the bond obtained with vibration was 
over 40 per cent grciiti'r than that obtained by hand puddling. 

496. Forms.— To prevent leakage of water and a loss of fine mortar, 
the forms should be made as rigid and nearly water-tight as possible. This 
feature should be given very carefid attention when thin, water-tight 
sections are being construet(Hl. If smooth surfaces are desired, plywood 
or tongui'tl ami grooved lumber planed on one side should be used. Oiling 
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the forms diminishes warping and shrinkage and reduces labor in removing 
them. Collapsible steel molds or wooden forms covered with galvanized 
iron are economical for repeated use. 

The pressure of unset concrete against forms depi'uds on the depth of 
fresh concrete, the consistency and richness of the mix, th(‘ rate of pouring, 
the temperature, and the method of compacting in tlie forms. The tests 
reported by F. 11. Shunk in 1908 {Engr. Vol. 62, p. 2SS) have been 

wddely publicised, but tests by 11. O. Iloby {Civil Engr., Vol. 5, p. 163, 
March, 1935j indicate that Shunk’s values are much too large for certain 
conditions. 

Roby made his tests by accurately measuring the fleflection t)f a cali¬ 
brated steel plate 6 in. wdde and iV i^^- thick, supported on knife edges 
28 in. apart. This plate was placed at the bottom of a form 2 ft. 6 in. 
square by 15 ft. high. The aggregates wa^re saml and gravel of good 
quality. Mixing was done in a small batch mixer and the cf)ncret(‘ was 
placed in 1-ft. layers with the ordinary amount of piuhlling and spading. 
Thirty-one complete tests were 
made. Three mix proportions 
1:2; 3 normal, 1 ; 1,{ : 2], rich, 
and 1 : 2^ : 5, lean, were used, 
each wdth a 7-in, slump; also a 
normal mix with a 3-iri. slump wais 
included. The efft^ct of temper¬ 
ature and rate of placing on th(‘ 
maximum form pressure for th(‘ 
normal, 1 : 2 : 3^ mix, as dr^ter- 
mined by Roby are shown in Fig. 

13. For the rich mix, the max¬ 
imum pr(^ssur(' at a pouring rat (‘ of 
4 ft. per hr. and a temperatiire of 
60 to 70° F. Avas 1000 lb., ft.-, or 
42 pc‘,r eent more than for the 
normal mix. The lean mix iind(‘r 
similar conditions developed pres¬ 
sures 10 to 15 per cent less 
than the normal mix, ami the dry mix 20 to 25 per crmt less. 

A\ hen vibration is used to compact a dry mix, the pressur(\s on the forms 
wall reach a fluid intensity of 150 Ib./ft.^, if the rate of placement is rapid. 
Two tests by T. K. Stanton {Concrete^ January, 1937, p. 5) indicate that 
vibrated concrete of 2-in. slump wall maintain such pressure up to heights 
of 4 to 7 ft. 

The time at wdiich forms may be remox'od is dependent upon the rate 
of hardening of the cement and the temperature of the air. The best 



Coni!relu rrc.s.'jiiri? In I’ouinls ikt Siiiiuri^ Fout 

I'ic. ]3.'-Rchitirjn i)f IVc.ssiirc Kxerted 
by Fluid CoiuTi'ti' un Fi)rni.s to JiaUi 
of Filliuij;. (II. (1. Koliy, Civil Eiigi- 
nvvring, Vol. 5, p. 11)3.) 
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index of the proper time for removal of forms is afforded by a series of 
tests on small beams or cubes made and cured under the same conditions 
as the stnicture. Forms should never be removed until the concrete will 
support 150 pcir cent of its working unit stress. In warm weather, wall 
forms not over 10 ft. high can be removed in two or three days, but in the 
spring and fall when tlie temperature at night drops to 30° or 40° F., 
four to seven days should be allowed (see also Art. 539). 

496. Shrinkage in Setting. —Owing to the shrinkage which takes place 
when concrete sets in air, see Art. 357 and 522, and the volume changes 
which occur du(‘ to variations in temperature, provision for contraction 
and expansion joints should be made. 

In two-course sidew'alks it is good practice to make joints yV to J in. 
wide, every 4 to 6 It. Such joints should exttuul through both surface 
coat and base. In concrete pavement constructions and in unreinforced 
walls, joints are placed from 30 to 50 ft. apart.* 'Idie width of the joint 
now used is tjuil-f^ variable depending upon the type of construction, position 
of joint, thickness of concrete, and conditions surrounding the construction. 
The width of joint varies from a plane of st‘paration for contraction to a half 
inch or more for expansion. In thin m(‘mb(u*s whert^ th(‘ moisture changes 
are felt througliout tht^ mass, wdder joints will hv morc^ necessary than in 
thick sc^ctions. ICxpansion joints are cornmoidy filh'd Avith a poured 
bituminous mastic or preparcui f(dt and ari^ provithnl wdth doweds to main¬ 
tain alignmtuit. In many cases construction joints ari^ sealed with imdallic 
plates III prevent thi' entrance of debris. 

The tongu(‘d and grooved joint showm in Fig. 11 is impi*rvious anil also 
serves to preserve alignment wdien used in a vertical Avail. A strip of 
shiMd. leatl, bent as shown, permits free articulation of Ww joint. Trovi- 
sion for such joints shoidd be made at all angles in order to avoid cracks 
due to settlement, contraction or expansion. 

497. Curing. “ No part of the process of making good mortar or con¬ 
crete is more important than thorough curing. It is also one of tlie opera¬ 
tions most frequiMitly neglected. Dusty floors, loose surface coats on side¬ 
walks and pavi'inents, Aveak concrete blocks, leaky Cfinduits and pipes 
illustrate defi'cts frequently caused by improper curing. The effects of 
premature drying on the strength and permeability of concrete are dis¬ 
cussed in Art. 529. 

In w arm Aveather the essential principle is to keep the aa ork damp for a 
period of one to two weeks subsec|uent to pouring. Rich mixes do not 
m|uire so long time for curing as lean mixes and are less affected by pre¬ 
mature drying. Wet mixes suffer less than those of ilry consistency whi'ii 
improperly cured. If proAusion cannot be made for Avetting the Avork, the 
forms shoidd be left on long enough to insure proper curing. 

"■ Sen Sp(*ririeations for Concrete Roads, Streets and Alleys adopted by Second 
National Confen*nce on Concrete Road Huilding. 
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The following methods of curing yield good results: sprinkling two or 
three times a day w'hen not exposed to the sun, covering with burlap 
saturated twice a day, covering with a 2-in. layer of damp sand, earth, or 
sawdust wetted once a day, impounding a shallow pool of water over the 
surface of the work. Of these methods, the wet sand treatment is very 
effective for pavements and floors over a wide rai^ge of conditions. In 
arid regions where water for curing is difficult to obtain the Bureau of 
Reclamation has found that 2 coats of asphalt emulsion or coal tar cutback 
applied to the surface of the concrete within an hour alter finishing are 
effective in retaining sufficient water for curing purposes. 

Concrete blocks, brick, and tile can be given 70 per cent of their 
normal 28-day strength by subjecting them to properly controlled wet 
steam curing at temperatures of 125° F. for 15 hr. Menzel’s tests (Proc. 
Avi. Cone, /nst., Vol. 32, p. 51) indicate that by curing \n saturated steam 
at 350° F. (120 lb. per sq. in.) the full 28-day inoist-ciin‘d strength of 
concrete units can be made available in 24 hr. He found that steaming 
was most efficient if begun 5 to 8 hr. after molding and co itinued for 8 hr. 

49B. Protection against Freezing, in cold wr'ather r'Diierete should 
be protected from freezing until it has s(‘Ciired hard s(4.. The effects of 
freezing on the properties of cements, mortars, and concretes ar(‘ discussed 
in Arts. 359, 539, and 541. Some of the ways of i)reventing freezing will 
be briefly considerc'd. 

Tests on small 8-in. walls poured in 2-in. plank forms at a temperature 
of 10° have shown that concndi^ will s(‘t before fn^ezing bf'gins pro¬ 
vided the temperature of the concreti* is above 70° F. when it is poured. 
Idiis temperature may geniTally be maintained by hi‘ating the mixing 
water alone. If nect'ssary, the aggn'gatr‘s may bi* heatiMl by buihiing fires 
in large iron pipes ninning through the pdes of sand and stune. Dol- 
omitic and calcareous saTids, however, may be injured by ovi^rheating 
in this manner. Furthermore, this nu'thod does not distribute the heat 
uniformly throughout the aggregate. Steam in ratliat-ors, or steam allowed 
to escape through perforated pipes placed at the bottom of the aggregate 
pile, is a better source of heat. Heating concrete abov(^ 150° F. should 
be avoided because it may profluce wtviker f*oncrett\ 

After placement the concrt*te can be kept wann by covering it with a 
couple of f(^et of straw^ or hay, or a heavy layer of sawrlust may be employed. 
Since these materials get mixed with the surface to some extimt, their use 
is often objectionable. 

For heating buildings in the process of constniction, salamanders or 
box-stoves are often used. Exposed walls and floors have been heatt^d by 
placing a covering of canvas or building paper a few inches from the sur¬ 
face of the concrete and running steam pifM\s l)etween the covering and 
W'ork. Special protection .should be given to corners, footings, surfaces of 
thin members, and all parts where heat will be rapidly dissipated. The 
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liberal use of thermometers properly placed and read frequently during the 
first 24 hours after pouring will provide information with regard to the need 
of additional heat. Miniinum temperatures should not be less than 40° F. 
in large mas.ses and 50° F. in smaller members. After 24 hours the heat 
generated by chemical activity aids in maintaining proper temperatures 
for continuing the process, but all work should be maintained at 40 to 
50° F. for at least 72 lujurs after pourijig. Precaution should be taken when 
a structure is being heated to keep the air saturatial Avith moisture in order 
to prevent too rapid drying of th(‘ hardcaiing concrete. See also papers 
by R. B. Young and W. Schiiarr on manufactun' and protection of concrete 
in cold weather in Proc. Arn. (Umc. ImL, Vj) 1. 130, pp. 27[) and 292. 

Tempering tin* mixing watiT with salt or calcium chloride solutions to 
lower the friMizing point of concrete is apractir^f' to b(' condemned, especially 
if the work is reinforced, bather of tlu5S(‘ ingretlients weaken th(' con¬ 
crete and d(‘crease tlu^ resistance of reinforced concrete to corrosion. 
(See Art. 549.) 



CHAPTER XIV 


THE PHYSICAL PROl’J^RTIES OF MORTAR AND CONCRETE 

499. Introduction.—In thi.s rhaptor wn sluill cnn.sidor the ciTtM/ls of 
various elpinonts and ronditioTis hit*h f^rpatly influpncp llip propc^rties of 
mortar and (uinerelp, sinii as slrc'n^th and plasOc pi'opri iips, pprmrability 
to wat(^r, al)Sorplinn, tlii'inial pro[)(‘rtif\s, anil tlip iliirjd)ility. In most 
casps thp rpsults f:;ivpn arp from lal)oratoi'v pxixM’imi'iits; and it sliiuiki bp 
kept in mind that only Iw pxprpisinp; (bp iitjnost ranp in splpcliii;:;, pro- 
portionini*; and mixing niaipi ials ami in llip plni pinpnt and purin^^ of tlip 
coiipretp will it 1)P jmssiblp to spp.urp siiuiliir rpsnlts iindpr tlii' ponditions of 
praptipp. Also it must Ijp rppo'i;nizpd that many of tlip rpsults vpprpspnt 
only a limitial ran^p of vai iaLlps and dodiiptiojis should not bp iikilIp for 
ponditions lying without this rangp. 

STRENGTH OF MORTARS 

600. Effect of Proportion of Cement on Mortars.— Thv results of 
Fprpt’s * tests on mortars inaile from fini', nuMlium and (aiarsi* .sands 
(Fig. 1), show, in a giviieral way, the (dTopt of tlie proj)ortit)n of ppmeiit on 
.strength. Eatdi tension value is th(‘ avta-.agf* from 25 bri<iu(dtps; eaeh 
poinpression result represents five eubes 2.8 in. on a side; (‘ach trans¬ 
verse value was averageil from tests on 15 prisms, 0.8X0.8 in. in cros.s- 
seetion loaikal at the eeiitei’ of a .‘ktl in. span; and each shear test repre- 
simts the average olitained fi'om 15 halves of the transviase siMMamens. 
The latter were tiisted as eantilevers with the load applied elose to the 
ijLipport. All mixes wtae of plastie ponsislenpy. "J"h('. t(\st-piepps were 
Lured in water for five months bcdore testing. 

The influenpp of age upon tlie strength of water-pured mortars made 
from sevpi’al of Wispon-sin f .sands and spieeiiings is ilhi.strated in Eig. 2. 
Information poiipcriiing tlie aggrpgati^s used in these mortars is given in 
Table 4, Ch. XIII. 

601. Effect of Character of Fine Aggregate on Mortars.—From a 

large number of tests by the United Statics Cli'ol. Survey [Bulldin No. 331), 
the results in Table 1 have been drawn. Meehaniiail analysts diagrams for 

* Bullelm dc Ui Soride d'Enrourngemcnt pour ifndustrie Nationuk, 1897, p. 1593; 
artide t)y R. Ft‘ri*l, Clipf du hd>nr;if nirp dps Prmts l* 1 Chauss^fis. 

t Proc. A. S. T. M., Vol. 13, i). S34. 
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wvGral of these fine aggregates may be found in Fig. 4, Ch. XIII. These 
tests show in a rough way that the density and strength of mortars made 
of the same class of aggregates decrease as the proportion of fine grains in 
the aggregate increases. In strength, the mortars made of stone screenings 
are slightly superior to sand mortars. 

From a seri(\s of tests on approximately 115 natural sands which were 
reported in Technoloijic Paper No. 58,* the relation between den.sity (p) 



Fiu. 1.—UtvsultM i)f iStTfiiKth Tc.sis on rortliiiiil Ceini'iit Morltirs of Different Projior 
tiuiLs MiuIl* I'ruui Fiiio, Mudiuiii, iiiul Cuarso iSaiiiJis (Foret). 


and the average compressive strength (Nr) of 2-in. cubes of 1:3 
mortar was NV = 20500 p—14750. Practically all of the strengths were 
witliiii 30 per cent of the values given l)y this eipiation. In these tests a 
mixture of several l)ranils of cement, a plastic consistency, liaiul tamping 
with moderate pressure, and water-storage were used. Variables in tliese 
factors as well as the character of the grains of fine aggregate will affect 
the constants in equations like the above. 


By Wig, Williiiius and Gates of the U. S. Bureau of Stds. 
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502. Experiments on Mortars with Artificially Graded Sands.— 

One of the most exhaustive researehes on the effects of granulometric com- 



Fiu. 2.—The Effect of Age on the .Strength.^^ of Water-nured Mortars Made vrith 
Portland Cement. (ICach point represents three or four tests.) 

position of sands has also been conducted by M. Feret. In an important 
series of tests he used sands graded as follows: Large grains G (0.2 to 0.08 
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TABLE 1—EFFECT OF GRADATION OF SIZES OF PARTICLES OF AGGRE¬ 
GATE ON STRENGTH, DENSITY, AND YIELD OF I : 3 MORTARS OF 
PORTLAND CEMENT 


(U. S. Geol. Sur., Bull. No. 331) 


ARKTcuatu 

No. 

Per Cent Rktainku 
Sieve No. 

[JN 

Per 

Cr-rit 

Voitl.s. 

YiHrl. 

Dcri- 
si l.y. 

Strength at ISO days 
IN Lij. PER Su.In. 

10 

:io 

riO 

too 

Ten- 

,siU‘,. 

pri's- 

.sivii. 

'rrujLS- 

ver.SR. 

Sd. 13. 

31 

77 

93 

99 

28.9 

1.21 

. 754 

OliS 

7183 

1314 

Bd. 10. 

40 

79 

95 

99 

29.7 

1.20 

. 700 

005 

7108 

984 

Sd. 19. 

27 

70 

92 

98 

20.9 

1.19 

.789 

773 

(;7i!i 


Sd. 20. 

23 

04 

83 

97 

28.0 

1 10 

.794 

070 

0200 


Sd. 11. 

32 

03 

80 

94 

30 0 

1 .13 

.730 

708 

5007 

1272 

Sd. 10. 

0 

33 

73 

95 

31.0 

1.18 

1 . 74:1 

488 

4039 


Sd. 1. 

3 

43 

79 

84 

32.5 

I.IS 

I -742 

415 

3077 

1050 

•Sd. 21. 

1 

17 

80 

99 

40.9 

1.05 

. 700 

380 

2892 


Sd. 15. 

1 

5 

39 

93 

40.5 

1-13 

.(‘)7(i 

331 

2033 

792 

8g. 4. 

74 

S5 

90 

94 

30.0 

1.08 ’ 

.755 

939 

8()44 

n;()2 

Sg. c. 

OH 

82 

80 

88 

33.1 

1.11 

.700 

750 

8048 

1320 

Sk- R>. 

50 

78 

88 

92 

31.8 

1.11 

. 703 

707 

7394 

1218 

Sk. 3. 

35 

57 

73 

85 

37.0 

1 .00 

.733 

SOU 

0500 

1410 

Sr. 12 . 

31 

()0 

79 

87 

35 1 

i.i:{ 

.733 

717 

0193 

1440 

Sr. 7. 

47 

82 

91 

94 

30.1 

1.07 

.750 

077 

5279 

1200 

8r. 21 . 

0 

28 

47 

70 

41.0 

1.14 

. 055 

083 

3948 


Sr. 11 . 

10 

09 

54 

80 

42.1 

1.12 

.709 , 

543 

3757 

918 


in.), medium ({niiiis M (0.08 to 0.02 in.), and fine Kiains F (0.02 to 0 in.). 
In analyzing i-e.sult..s lie plotted points repre.senting tlie proportions of the 



Fili. 3.—I'hi* nf (lu- CJrailatiiin of (ho 

Sizivs i)f Siiiul Ciriiins on Uin Dpiisitins 
of Mortars of 1 : 3 rrnpurtioius (by 
weiKht). ('Fhp ranpp in artiial sizp of 
fi^rain corrosponrliiiK to n givpii lptti*r is 
representcil by tbe pair of cirnles at 
each ai>ex in tlio diagram.) 



Fid. 1. -'Flic of the (Jrailation of 

flu* Sizo.s of Saiul (Jrains on tho (ami- 
presaivc J^lrLMigth of 1 : 3 Portland 
Cement Mortars after Storing One 
Year in Fresh Wiiter. 
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three sizes on equilateral trian^lar diagrams, the distance from any side 
representing the percentage of grains marked at the opposite vertex. The 
contour lines were then drawn through the points which corresponded to 
mortars of the saine density, strength, etc. A comparison of Figs. 3 and 
4 shows the similarity of the contours in the density and stiength dia¬ 
grams of 1 : 3 mortars and indicates that the inaxinium stri*ngt,h and 
density obtain when about five-sixths of the sand is composed of the 
coarse grains with fine grains constituting the principal j)nrtion of 
the remainder. From his experiments,* Feret drew the following con¬ 
clusions : 

1. With cement A\arying between 10 and 30 pia* cent of the \^'eight of 
sand, the strongest mortar for any given ])ereent!ige of cement was ‘dways 
goltrni from a proportion of coarse saiul equal to lAvice the weight of the 
cement plus fine samh 

2. It rerpiirf'S about twice as imich cement mixed with a given rpiantity 
of sand to produce a mortar of given strength when fine sand is used as it 
does with coarse sand. 

3. The weight of cement per c,ul)i(.‘ yard of mortar of e given strength 
is al)oiit twice as much for fine sand as for crjaise sand, with the ordinary 
mixtures. 

4. The cost i)er cubic yard of c<f)arse-sand mortar of a given strength 
(such as is found for the ordinary ratio 1 r. : 3 n.), is only aV)out 75 per 
cent of tlu‘ cost of fiiK'-sand mortar of the same strength, even wlien the 
ia)arse sand costs six and oji(‘-half tim(‘s as much as the fine sand (coarse 
sand J1.30, and tlie tine sand $0.20 i)(‘r culuc yard). 

Fend also declared t thal for all series r)f j)last ic. mortars made with 
the same cement and (jf inert sands, the resistance to eomin’ession after 
the same time of s(‘t unrit'r identical conditions is sohdy a fum‘tif)n of the 
f c 

raiif) or t—; - , x , whatiwc'r may I)e the nature and size of the sand 

the proportions of the elements—sand, r-ennuit, and water—of which each 
is comprised.” In thr^ aiiove law c ami v l epresrud the vrjlumc of the water 
and air voids, respectively; the other symbols are defined in Art. 464. 
He derived the following relations fur compressive strength: 




c 

4l-(c 




- 0.1 


and 



in which Sc = unit compressivr^ strength in pounds per square inch and 
j and k are constants. His results indicated a value of k = 26,000 lb. pei 

* Annales r/r,f Pants at Chaus.sees, M:ir., 18[)0, Ju] 3 ", 1892, Aug., 1896. 

\ Bull, dfi la Soc. d'Encouragenuini r Ind. Nat., 1897, p. 1604. 
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square inch. These equations with modified constants have been found 
to hold in other tests.* * * § 

603. Effect of Proportion of Mixing Water on Strength of Mortars.— 

In general, increasing the percentage of mixing water l)eyond that required 
to form a placcable mix lowers the density and strength of the mortar. 
The proportionate effect on strength is greatest at early ages. 

In Keinke's testsf the ratios of the tensile strengths of 18 1 : 3 mortars, 
taking 12 per cent of water for normal consistency, to the strengths of 12 
like mortars requiring 14 to 15 per cent averagecl 3.9 : 1, 1.6 : 1, and 
1.5 : 1 at 3, 7, and 28 days, respectively. Hence it follows that the water 
required for a given consistency and mix is a rough index of the strength 
of mortars made of clean, durable sands. The Report of the Director of 
Research of the Portland C/ement Association shows that the streiigth- 
water-cernent relation for mortars is similar to that for concretes. 

604. Effect of Mica on Strength of Mortar. —I'^xperiments by W. A. 
Willis t on 1 : 3 mortars show that small ])ercentages of mica decrease the 
tensile strength considerably. An addition of 2^ per cent of mica served 
to reduce tlie strength at seven days 11 ])er cent; by adding 20 per cent 
of mica the strength at the same age was decreased from 180 to 40 lb. per 
square inch. Fer(d also found that mica adversely effecletl the com¬ 
pressive strength. The observed effects are j)rol)al)ly due to the weak¬ 
ness of the mica aiul to the ilccrease in density resulting from its presence. 

606. Effect of Hydrated Lime on Strength of Mortars. —Tests by 
E. W. Lazell,§ Table 2, show (hat rei)laceinejit of less than 15 j)er cent of 
the cement i)y liyilrated lime does not decrease the tensile strength of 1 ; 3 
mortars. 44ie results of E. 8. Wheeler {Report of Chief Rnginrcr^ U. S. A., 
1896, p. 2823) are confirmatory, W. Ik Ihnley and 8. E. Young found 
that both tensile and compressive strengths of 1 : 3 mortars of slush con¬ 
sistency were adversely affected by the substitution [)f only 5 per cent of 
either high-calcium or doloinitic hydrate, if the si)ecimens were cured in 
water or exj)osed to tlie weather. However, the loss in compressive 
strength was small for reidaceinent of less than 25 per cent of cement 
by hydrate. (8ee also Rror. Vol. 35, Pt. 2, p. 426.) 

606. Adhesion of Mortars and Concretes. —Tests by E. Candlot for 
the French Cunnmission show that the normal adhesion block of Art. 450 
is a satisfactory s[)ecimen, but results are much affected by the character 
of the surface. 8ome residts of tests on various substances by AVheeler 
in which 1 by 1 by J-in. discs were placed transversely in the minimum 

* Pror. A.S.T.M., Vol. 13, p. 852. 

t Prnr. A.S.T.M., A nl. 13, p. 707. 

t Ei\g. Nvv.s, U, l!)OS. 

§ yVrr. A.S.T.M\, Vol. S, 1 ). 418. 

Proc. A.S.T.M., Vol. 14, ji. 330. 
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TABLE 2.—THE EFFECT OF THE INCLCSION OF HVDKATED LIME ON 
THE TENSIIiE STRENGTH OF 1 : 3 MORTARS OF POR'I'LAN'l) CIOMENT 
AND STANDARD SAND. (Lazeli.) 


Per Hent C'eniRiil. 
Replaced by Ilyd. 
Janie. 

t) 

1 

10 

1 a 

20 

U/i 

:oi 

100 

Methnil of 
Curing. 

Akp 

in UavK. 



Teii.^ilp 

StTPIlKlllR 

in bl). per 

Srp in. 



In air, 

7 

209 

203 

205 

209 

133 

112 

111 

10 

Ryieeimons 

28 

200 

258 

255 

245 

203 

170 

225 

44 

moistened 

90 

280 

289 

295 

297 

197 

117 

177 

55 

onec a 

ISO 

382 

312 

304 

281 

229 

211 

219 

! 53 

week 

270 

007 

545 

441 

499 

441 

397 

3 12 

130 


3(i0 

()30 

450 

513 

042 

553 

444 

.327 

108 

In nater 

7 

200 

157 

189 

239 

237 

173 

173 


after 

28 

278 

311 

304 

204 

208 

259 

20 S 


3 day-s 

90 

411 

389 

419 

372 

371 

311 

281 


in air 

ISO 

358 

321 

341 

278 

200 

207 

253 



270 

390 

301 

308 

279 

208 

250 

232 



300 

420 

330 

311 

322 

299 

200 

231 



Note -Kacli value ici)i bsl'hIn five 


«ecti(jTi f)f a briciuet are shown in Fif:;. f). 

to cut 



He found the adhesion of inorlar 
stone was not increased l)y 
rouKheninj^ the surfa(M\ For sawn liintv 
stone the adhesion of neat to 1 : 2 mor¬ 
tars wais 30 to 40 per cent of tlnr teiKsile 
strenpilh of the inorlar. lletemjK^rinfr 
reduces adhesive strength somewhat but 
lessens shrinkap;e in settirifr. 

'i'ests on the adliesifin of mortars to 
brick by L. A. Palmer, U. S. Bureau of 
Standards, /i P No. indicate that 
the suction rate of the surface and the 
stren^jjth, plasticity, and the retentivity 
of the mortar all vitally affect adhesion. 
A mortar contain in p; 2 parts lime jiutty 


Fio. 5.—Adhesive Strength of Porl- 
land Cement Mortar, 1 C. : 1 S., 

TwentyH'ight Day.s Old, to Differ¬ 
ent SubstanecH, and the Cohesive' to 3 parts Portland cement to 12 parts 
Strength of the Mortar Itself, of Kood mason’s saiul by weifijht, having 
(tA heeler, Repl. Chf. E?i^r., 1895, gQ jqq (Art. 447), 

p 3019 ) I- \ j f 

will usually develop at 28 day^s a tensile 
adhesion of 50 to 100 lb./in.“ w’hen properly joined to brick having a suction 
rate between 5 and 30 g.b.m. (Art. 291). 
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The adhesion of concrete or mortar to plain round steel bars as rolled 
varies inversely with the ratio of length of tedment (0 to diameter (d). 
For a ratio of l/d of 25 and concrete of 3000 to 5000 Ib./in.^ compressive 
strength, the average adhesion is about 500 lb./in.-; for l/d of 50, the 
adhesion approximates 300 Ib./in.- For cold-rolled bars or bars with 
polished surfaces, the adhesion is 40 per cent less; and for square or flat 
bars, about 25 per cent less than for round bars with mill surface.* 


STRENGTH OF CONCRETE 

507. Effect of Proportion of Cement on Strength of Concrete.— 

With materials, consistency, and density constant, the strength of con¬ 
crete increases with the proportion of cement in the mix until the strength 
of the cement or aggregate, whichever is the weaker, is reached. The data 
in Fig. 6 represent tests on moist-cured, w()rkablc concretes having the 
same consistency (flow of 200 and slump of 4 to 6 in.) and made from the 
same aggregate mixture, 38 i)er cent sand and 62 ])er cent gravel. The 
curves sliow the normal relations of stnaigth to cement contents for these 
contlitions. Owing to the excess of sand in the richer mixes, their densi¬ 
ties were lower tlian those of the leaner mixes. This fact aecount.s in part 
for the downward drf) 0 |) of the upj)er right portions of the strength-cement- 
contcuit curves. For workal)ie mixes of tlrier consistencies, the corre¬ 
sponding curves would t)e higher and for those of wetter consistencies the 
curves would be lower. The influence of vd)ration in placement on the 
properties of concrete is well shown in Fig. 3, Art. 373, and in Art. 494. 

60B. The Increase in Strength of Concrete with Age.— I'or moist- 
cured concrete mixed with alK)ut 6 gal. of water ])er sack oi cemeid-, the 
Report of the Director of Research of the P. C. A. 1928 provides a large 
number of tests, including dilTerent aggregates from which the following 
perceidages of 28-dMy strengths were developed at various ages. 


Ilf 'I'rsl 

Ai:k at Tkst 

Dny.s 

7 I3jiy.s 

•2S Duys 

■i Months 

1 Veur 

Coinini’.s.sioii. 

35 

50 

UX) 

135 

161 

Flt'xiin'. 

53 

71 

1(X) 

126 

143 

Tf'ii.'^inii. 

46 

os 

UX) 

121 

15U 


These data show that flexural strength is gained most rapidly and the 
compre.ssive strength least rajiidly as age increases. 

* Fnr fiirlhiT infurniMtion on and biiiul Sf'o Ihdlvtin Nd. 71, Krigr. Expt. 

Stii., l’iuviT.sity of lllinni.><, :iiul Prnr. Highirnff /t’r.v. Jimird, Vnl. 17, p. 150. 
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Studies of a lar^e amount of test data by W. A. Slater (see Proc. 
A. S. C. E., Jan., 1925) 
indicate for moist-cure cl 
concrete that the relation 
of the 2H-day compress¬ 
ive strength (*SV) to 
the 7-day st rength (>SV) is 
giAam by 

,SV=A\+30VZ 

Figure 7 contains 
strength-age curve's for 
1 : 4 mixes, by volume, 
made of different- aggre¬ 
gates. The cement con¬ 
tent was approximately 
constant, 0.3 sacks i)('r 
cu. yd. In each mix 38 
per cent of the aggregate, 
by weight, was lOlgin sand 
[m = 3.0). The remain¬ 
der was coarse' aggregate 
of which 100 per cc'iit 
passed a l^-in. sieve' and 
74 per ceuit passe'd a J-in. 
sic've. The ne't wat('r- 
cement ratio ranged from 
0.70 to O.SO, by volume, 
and the flow was 200. 

These and other data 
show that- for ages up 
to a year moist-cured 
concrete increases in 
strength approximately 
as the Ingarithm of the 
age. 

A series of experiments 
on the effect of age on 
the strength of concrete 
cylinders cured in three 
different ways was de¬ 
scribed in Proc. Am. 

Cone, /nsf., Vol. 27.^ 



Fig. 0. —'J^heFtTfift of Cement Content on the Strength 
of Coiurele (Report of Direetor of Resejirc.h P. C. A. 
192S, iSeries 210). Kadi point rejireseiitH 5 or more 
tests. Materials, Klgin sand and gravel graded 
from 0 to l i in., Fineneas modulus of mixed aggre¬ 
gate = 5.5. Flow = 200. 
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p. 547. The Atlas cement for these tests was mixed and stored in an 
air-tight tank; the proportions, amount of water, time of machine 
mixing and .storage in molds were each made constant for the entire 
.series of tests, Specimen.s from each batch of concrete were dis- 
tiibuted tliroughout the various age.s .so that the five results gotten 



Fir;. 7.—.Sii i>nglh-.\KP UelaliniislupH for Moist-Curcil 1 ; 4 ConrTcte Mriilc of DifferRiit 
(lU'port of Dirertor of Kr\seari:h of F. C. A., lf)‘2S). 

for any given test period are representative of different batches of 
concrete. The coarse aggregate was a limestone ranging from J to 
\\ in. in size. It contained 48 per cent of voids measured loose. 
Tlie sand passed a J-in. sieve; 38 per cent passed a No. .30 and 
3 jXT cent pa.ssed a 100 mesh. It contained 34 per cent voids. 
Fig. 8 shows the strength-age relationships for these mixes over a 
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2()-yr. period. The oornpimsive .stren^H,h.s f)f .speeiiiiens cured in watei 
or out of doors increased approximately with tlie lo^:ari(liin of the apie, 
whereas those cured in the drier cellar had lower slren^tlis. Jhesent 
evidence shows that the streMfj;th-a#»e relationships for concr(*tes made of 
low-heat cements may resemhle the forep;oint!:, but those relat ionships for 
|)resent-day normal and hi^h-carly-strength cements will exhilht maximums 
within a few years. 

B09. Effect of Den¬ 
sity on the Compres¬ 
sive Strength of Con¬ 
crete.—If the kind of 
cement and the pro¬ 
portion of cement per 
unit volume of con¬ 
crete is n^aintained 
constant and if the 
consistency, shape of 
aggregate particles, 
age, and method of 
curing the concrete are 
the same, the strength 
will increase with the 

density. These rela- 0. TiittTrRlation.ships hetwenn Density, Strength 

tiomships are well Water-cement Ilaiin for Gravel Concrete (Kep’t 

established in Fig. 9. of Director of llesearch of P. C. A. 1928). 
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Experiments have shown that the strength varies directly as the ratio 

—the equation being ^%=j\— - n). Here A'c = unit compressi e 

l — p \l — p / 

strengl^h, r; = volume of cement grains in a unit volume of concrete, 
/j = density of concrete, iind j and n are coristants whicli will vary with 
the factors mentioned above.* Tests at the Bureau of Standards verify 



riu. 10. ---''riio Ri*l;itif)n bptwnon Compressive Strength and the Ratio —■— 

1 —p 

(Age uf speeinieiis 4 weeks.) 


this relation. The points plotted in Fig. 10 represent data from Tables 
1, 23, 25 and 20, of Tvchnologic Paper, No. 58, hy AVig, Williams and Gates. 
The propod if)ns of tlie concrete varied between 1 ; 6 and 1 ; 9 (by volume). 
Other conditions surrounding the making, curing and testing of the 6-in, 
cubt's used in these tests were constant. Owing to the fact that the specific 
gravities of the cements used in these tests were not given, a value of 3.10 

• Further vprifu'Mtion of this hiw' may be found in Taylor and Thompson’s Con¬ 
crete Plnin find Reinforced, 2d ed., p. 367, and in Jour. West Soz. Engr., Vol. la 
p. 837. 
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was assumsd in making computations of c. In the figure each niinil>er 
represents the average result for three specimens anti the like numbers 
indicate similar aggregates. 

610. Effect of Size of Coarse Aggregate on Compressive Strength.— 

With the largest particles not over 6 in. in diameter, it may be stated that 
the larger the maximum size of the aggregate the denser and stronger will 
be the concrete, provided other influencing factors are eliminated. The 
change in strength with the increase in maximum size of aggregate is most 
marked for diameters under 1 in. The tests of Fuller and Thompson * on 
1 : 9 concrete, which illustrate the latter statement, are shown in Table 3. 
The beams used in these tests were ()XflX72 in. and the spans were (it) 
and 30 in. The compression ti\st.s Avere iiuide on prisms from the bemns, 
approximately GX6X19 in., which were capped on each enrl with neat 
cement. 


3'ABLE S.—EFFKCT OF VARIATION IN THE MAXIMUM SIZE iW COARSi: 
AGCdlEOATE ON THE SFRENGTIl AND DENSirV f)F FORTLAND 
CEMENT C'ONCRETi:. (Fiillku .iiid Tjkimi son) 


IS 

a 

c ^ 
ja 

Materiai..* 


riuirnfl cr 
of 

Mixlurv. 

AVEflAlJE OeNHI'IY. 

AVKiiAiii-: Monn.rH 

OK Ul'I’TrilK A'l' 

90 1)av«, in l,n. 
I'KU Su.In. 

AvEIIADE ComI'IiEH- 
HIVi: S'l HKNimi AT 
140 Dayh. in 
l.u. i>Kit So. In. 

c.S? 
ap 
c s 

Sion [*. 

Sunil. 


21-in. 
Si oiip. 

1-iii. 
St Dill'. 

1-111. 

SI oiir. 

2‘-in, 

.SloiiP. 

l-iii. 

SloriP. 

1-iii. 

Sltnip. 

2l-in. 
SI fine. 

1-ill. 

Sl,[iri(;. 

i-in. 

Slum?. 

1 : 0 

/J. 

1 Piyk 

J- \ 

Id pal 

U.H.'il 

o.sii) 

IJ.7li7 

OP,7 

220 

208 

i:i42 

9.'ill 

015 

1 : U 

' ' 


Natural 
[ 1) nil'Drill 1 

().K2J 

l).7'J.S 

I).7I1S 

211 

171 

102 

080 

S71) 

M21 

1 : 9 

j r'nwi'* 

I Uny 

t'liwi; 

Hay 


J AKKrp- y 

1 »?at.p J 

(1 H:i2 

tl.797 

1). 7 lilt 

2.'>7 

229 

181) 

1H.''.0 

O.'iO 

890 

1 : tJ 


^^■lri DiiH 

tlS.^fl 

lt,S47 

OH 0.4 

24.4 

240 

]H!) 

14 HO 

1402 

12.41 

1 ; ‘1 

1 I’iirk 

f'owc; 

Hay 



II.H72 

tl.SlS 

(l,7S4 

291 

274 

207 

1708 

1 .".8.'i 

11 85 





A VlTilKPil 

lIjiLios 

l).SI7 
1 . f>(» 

n.Mi 
1) '. H i 

(I 7SM 
0 O.'J 

2o2 

1.00 

220 

11.91 

18!) 

0.7.0 

140 1 

1.00 

11 .o:! 

0.84 

1008 

0.72 


♦.liTnim* I’lirk stniip was a cruflliftl mitra srhist, llm sand wan srrfpnpd from Uip nrushpr-run inatprial. 
C\jwi‘ Itay material pDiisistf’d iif i^ravr-l and huihI. 

—A Hdft muahy cniisisleriry was iihi lI in all tnsiM. AK|i;rfKftlf3 were well KradeiJ. 

'riu! ideal mixture was graded in aeKurdaiit’O with a lixed sieve analysis rurve. 


Tests by Abrams, Fig. 11, show that the strength of concrete of a given 
consistency increases with the fineness modulus (Art,. 470) of the mixed 
aggregate, provided the limits of workability are not exceeded. The 
peaks of the curves in F'ig. 11 indicate that coarser gradings, as evidenced 
by higher fineness moduli, nuiy ho permitted in rich mixes like 1 ; 4 than 
in lean mixes like 1 ; 9. Fig. 12 show's relation of compressive strength 
to fineness modulus when the maximum size of aggregate ranges up to 
2 in. 

* Trans. A. S. C. E., Vol. 60, p. 115. 
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If there are no large gaps in the grading of the aggregate particles, the 
fineness modulus of the mixed aggregate is of assistance in estimating the 

workability of mix. Experience 



has shown that it is not prac¬ 
ticable to increase the fineness 
modulus beyond certain limits 
shown in Table 4. These limits 
are dependent upon the char¬ 
acter and maximum size of 
aggregate, the richness of the 
mix, and the use for the con¬ 
crete. 

In the construction of large 
dams by the Bureau of Recla¬ 
mation many tests were made 
on concrete containing aggre¬ 
gate up to 9 in. in diameter 
(see paper by R. F. Blanks and 
C. C. McNamara, Proc. Am. 
Corw. Inst., Vol. 81, p. 280, 1985; Vol. 32, p. 234). The results showed 
an increase of 10 per cent in the strength of concrete per barrel of cement 
used due to a change in rnaxiimiin size of gravel from 1 to 3 in. and an 


Flnaimaa Modulus of A.|fercKB(o 

Fia. 11.—of Fineness Modulus of Aggre- 
gulr on Strength of Concrete. (Abrams). 

Each poinL rPin csPiitH 5 tcotn uf 5 X 12-in. cylindBra; 
Hlump = i ill.; a«C‘^2H duy.H; waa «and and 

pcblilcN KiiidrMl up iu ii in. in diameter. 



Fig. 12.— li!ffi‘ct of Oriulatioii of Aggrcgiitc on Strength of Concrete. (Abrams.) 

Each point reprE>Hciila Ti ie.sta on t)X12-iii. rylindera of 1 : o proportiona at 28 days. AggregatB 
woa sand and pebbles. Slump » i in. 


increase of 29 |Xir cent due to a change from 1 to 6 in. The fineness moduli 
of the aggregates passing the 3-in. and 6-in. openings were 7.83 and 8.25, 
respectively, and their dry-rodded void contents 31.8 and 29.1 per cent. 
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TABLE 4—MAXIMUM PERMISSIBLE VALITES OF FINENESS MODULUS 
OF AGGREGATES. (Abuams) 

For mixes other than those Riven in the table, use the values for Mie next leaner mix. 

For maximum sizes of aRgregatc other than those giviMi in the table, use the values 
for the next smaller size. 

This table is based on the rciiuirements for or ijravvl aggregate 

composed of approximatel}’^ spherical particles, in ordinary uses of concrete in reinforced 
concrete structures. For other materials and in other classes of work the maximum 
permissible values of fineness modulus for an aggregate of a given size is subject to 
the following corrections: 

(1) If crushed stone or slag is used as coarse aggregate, reduce values in table by 
0.25. For crushed material consisting of unusually flat or elongated particles, reduce 
values by 0.40. 

(2) For pebbles consisting of flat particles, reduce values by 0.25. 

(3) If stone screenings are used as fine aggregate, reduce values by 0.25. 

(4) For the to]) course in concrete roads, or otlicr work reiiuiring a sinootli finish, 
reduce the values by 0.25. If finishing is done by mechanical menus, this reduction need 
not be made. 

(5) In work of massive proportions, such that the smallest dimension is larger than 
10 times the maximum size of the coarse aggregate, additions may be matle to the voluos 
in the table as follows: for J-in. aggregate, 0.10; for l-i-in., 0.20; for 3-in., 0.30; for 
C-iii., 0.40. 

Sands with fineness modulus lower than 1.50 an; imilesirable ns line aggregate in 
ordinary ronerete mixes. Natural sands of such finene.ss are seldom founri. 

Sand or screenings used ff)r fine aggregate in eniicrete must nut have a higher fine¬ 
ness moilulus than that permitted for mortars of the same mix. Mortar mixes are 
covered by the table and by (3) above. 

Crushed stone mixed with both finer sand anil coarser pebbles reipiires no reduc¬ 
tion in finene.ss modulus jirovided the iiuantity of crusbinl stone is less than 30 i)er 
cent of the total volume of tlu‘ aggregate. 
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0-28 

2.25 

2.00 

1.85 

1 .70 

1.60 

1,50 

1.40 

1 30 

1.20 


3.00 

2.70 

2.50 

2.30 

2.15 

2.05 

1.95 

1.85 

1.80 

Z 0- 8 

3.80 

3.40 

3.10 

2.90 

2.75 

2.(i5 

2.55 

2.45 

2.40 

0- 4 

4 75 

4.20 

3.90 

3 60 

3.45 

3.30 

3.20 

3.05 

2.95 

0 3* 

5.25 

4.60 

4 30 

4.00 

3.80 

3.65 

3.55 

3.45 

3.35 

In. 

5. fiO 

5.05 

4.70 

4 40 

4 20 

4.05 

3.95 

3.85 

3.80 

O-i* 

6.05 

5 45 

5.10 

4 SO 

4.60 

4.45 

4 35 

4 25 

4.20 


6.50 

5.90 

5.50 

5 20 

5.00 

4.85 

4.75 

4.65 

4.60 

1 0-u 

6 on 

6,30 

5.90 

5 60 

5.40 

5.25 

5.15 

5 00 

5.00 

S 0 u 

7.35 

6,70 

6.30 

6 on 

5.80 

5.65 

5.55 

5.40 

5.35 

= 0-2.1 ♦ 
"^0-3 

7 75 

7.10 

6.70 

6.40 

6.20 

6.05 

5.95 

5.80 

5.75 

8.20 

7.55 

7.15 

6.85 

0.60 

6.50 

6.40 

6.25 

6.20 

0-4 r 

8.65 

7.95 

7.55 

7.25 

7.00 

6.90 

6.80 

6.65 

6.60 

0-fi 

9.10 

8.40 

8.00 

7.65 

1 

7.45 

7.30 

7 20 

7.05 

7.00 


* Hall uiinves; uul u»ed in cuniputin^ inuduiua. 
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611. Effect of Proportion of Water on Strength of Concrete.—For a 

given cement content, the greatcKt strength at an early age can be secured 
from a concrete of dry consistency in which there is only sufficient water 
for p(^rfect hydration of the cement. 8uch concrete requires heavy ram¬ 
ming or vibration to mahe it homogeneous and dense. A somewhat wetter 
consistency, slump 1 to 2 in., is much more, workable and furnishes approxi¬ 
mately as high strengtli. If the cement content is maintained constant 
and the proportion of mixing water is increased the strength decreases. 

As previously nientioned (Art. 482), Abrams demonstrated that for 
workable mixes the strength of concrete is an inverse function of the 
wat(‘r-cement ratio, regardless of the cement content. Fig. 13, from the 
Report of tlif‘ Research Director of the P.D.A. 1928, shows the relation¬ 
ships Ixdween the water-cement ratio and the compressive strength, 
tensile strength, and modulus of rupture for concrtde made of sand anil 
gravel and tested at the ages indicat(‘d. Each point repr[\sents 5 t(\sts. It. 
will be observ(‘d from I 'ig. 13 that the relationship is ind(‘pimdent of cement 
content, consistency, and size and grading of aggregate. Abrams’ original 
diagram, Hullriin No. 1, Structural Materials Research Laboratory, 
Lewis Institiit(‘, covered a somewhat wider rangi* in water-ratio and mix 
proportions for 28-day comprt'ssive strengths, ljut lackial in ot/her respects 
the scope of I'ig. 13. 

J0videnc(‘ that for workable mixes the water-ratio relationship covers 
tile effects of varialiles in density, c(‘iiu‘nt conti^nt, and consistency is well 
shown in 14g. 9 by the plotting of the data of tlie various relationships 
into the singli* watiu-ratio curv(‘. 

Variations in quality of ciMuent, in the structural characteristics of 
the aggri'gate and in curing comlitions affect the water-ratio strcuigth 
ndationship. lleiice it is desirable in important work to secure this rela¬ 
tionship for the mati'i’ials and conditions on the work. The data in 
Table 5, taken from the curv(\s of Lig. 13, are representative of the effect 
of the water-ratio on the I'arly strength of concrete. 


TABLE 5.—REPRT'^SEN rA lTVl^: STRENGTHS Ft)R DIFFERENT WATER- 

CEAIENT RATIOS * 



* From Report of the Director of ReacBrch of the P. C. A.. 192S. 




Wat«r, U. S. Gallons per Sack of Cement. 
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Fig. 13.—Relationships between Compressive, Flexural, and Tensile Strengths of Moist Cured Concrete and the Water-cemeot 
Ratio (Rep't of Director of Research of P. C. A. 1928). Compression aiid tension test s cn GX 12-in. cylinders; flexure testa 
on 10X7K3S-in beams. Aggregate, Elgin sand and gravel. 






46B 


PHYSICAL PROPERTIES OF MORTAR AND CONCRETE 


612. Tensile Strength of Concrete. —In gonoral, tho tensile strength 
of concrete varies between one-eighth and one-twelfth of its compressive 
strength. Besides the affecting conditions discussed under compressive 
strength tests, imperfections in the fabrication of spticimens, the tensile 
strength and surface characteristics of the aggregate and the method 
of gripping and loading greatly affect the tensile strength of concrete. 
Owing to the influence of these factors the results of tension tests are 
generally less uniform than those gotten in compression. 

The effects of cenamt content, age, and water-ratio on the tensile 
strength of moist-cured gravel concrete are well illustrated in Figs. 6 and 
18. I’ig. 14 from the Ileport of the Hesearch I)ir(u;tor of the P.CIA., illus¬ 
trates the effect of grading on the tensile strength of concrete. In a gen¬ 
eral way the tensile strength increases as the firnmc'ss modulus is increased, 
or the grading is made coarser, until the coarsi'iiess causes the mix to 
become harsh in working. The maximum pc^rmissible degree of coarse¬ 
ness is dependent upon the sanui factors that govern the compressive 
strength, see Table 4. 

The tensile strength is also affect-ed by the character of the surface of 
the aggregate and its tensile strength. Fig. 7 shows that the tensile 
strength of the concrete made of Chicago Limestone was approximately 
20 p{)T cent gr(‘atr‘r tliiin that made of Elgin gravid or slag, 25 per cent 
stronger than tliat of Wisconsin granite, and 40 per cent stronger than 
the concrete of Minnesota sandstone. 

A convenient form of si)ecimeii for use in tension tests on concrete* is 
a 0 by IK-in. cylinder. In the ti'sts at the Portlanil (■ement Association 
Latwiratory, each end of sucli cylinder was gripped in a section of steel 
tubing which had been slit, into (|uailrants and attached to heavy end 
plates. To eacli quadrant was riveted a piece of channel with Hanges 
extending radially outward. The tubing was lined with h*ather l-ifi. 
thick to provide a uniform friction grip on the test pieces. Fiach grip was 
s(|uei‘zetl against a siK’cimen over a 5-in. length by tightening bolls 
ins('rt.ed in the outstanding llangixs of t he channels. The loari was applied 
to the grips by two hea\^^ bolts, one* for each grip, which passed through 
the heavy end plat es. Each bolt was proxidial with a spherical seated nut 
at each end. 

513. The Transverse Strength of Concrete. —7die effects of cement 
content, age, water-ratio, anti kind of coarse aggregate on the moilulus 
of rupture id concrete are well shown in Figs. 6, 7 and 13. Fig. 11 shows 
the effect of changing the grading of the aggregate on the motlulus of 
ruptun\ It will be noted that somewhat coarser gradings can more 

* For rii\siTiptioTis of nthor types of test pierns see Mills, Ctirnpll Cinl Engr., A ol. 
19, p. lOli; Tiilhot in Bull. No. 1, IJniv. of Ill., Expt. Sta.; Withey in Bull. No. 197, 
Univ. of Wis. 



STRENGTH OF CONCRETE 


469 


effectively used in the production of high flexural strength than in securing 
maximum compressive or tensile strength. 

Like the tensile strength, the modulus of rupture appears to be affected 
by the shapes, char¬ 
acter of the surface 
of the aggregate and 
its tensile strength, as 
shown in I'ig. 7. 

I'or moist-cured 
coiicretf' of well-graded 
limestone or graved 
having a water-ratio 
of O.SO, l)y volume, or 
() gallons per sack of 
ceint'ni, the ratio of 
the modulus of ruj> 
tiire to th(^ compress¬ 
ive .stnaigt.li approxi¬ 
mates the following 
valu(‘s: at 7 days 
jit 28 days y, and at 
oiu‘ yt'iir 1. A hirge 
amount of data in 
tlu^ Iteport of t-h(^ 1 Re¬ 
search l )irt'ct,or of tlu^ 

P. ( ^ A. indicates that 
ff)r moist-curtMl con¬ 
crete of fdgin gravel 
- mix, age, grading 
and consistency being 
iiicl u (led variables,— 
the modulus of nipture, Sm = 2{)0+{)MSc, when the compressive 
strength, is between 1500 and 0000 Ib./in^. 

The continued growth in strfmgtli of concret-e over a one-year period 
is, to a large extent, deptmdent upon the amount of moisture given the 
specimens during curing. Tht^ adverse effect on strength of a dry curing 
condition is more pronounced as the age of the speciirum increases. The 
flexural strength does not appcair to bo affected as seriously l)y dry curing 
as the compressive strength. Relative .strengths based on damp curing are 
given in Table 6.* 

614. The Shearing Strength of Concrete. —Failure of concrete in 
pure shear is a rare occurrence. When this t/erm “ shear failure is 
* From .Scries 171, Report of Director of Research of P. C. A. 



Ff(.’. 14. -Kffcct of .Size iirul OrridiriK t)f on 

the HlrciiKih of Moi.sl-i urr*iJ 1 : 4 CDiifrcii* (llep't of 
Drrertor of Research of P. C. A. 1!)28). AgRreKate, 
Elgin sand and gravel; flow, 2(K) per cent; age 28 
days. 
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TABLE 6.—THE EFl^’ECT OF CMIRINCi CONJHTJONH ON .STRENGTH OF 

1 : 4 CONCRETE 
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appliful io tlir* IYulurt‘ in llin wf‘l) f)f a nDiicrrtr b(‘aiu it is iiiis- 

Inadiiijr, for tin; canso of sucli failure is a t(oisil(‘ stress resulting from 
the combinirip; of t(‘nsih5 and shearing!; stresses. On aeeount of the difTi- 
culty of produeing a pure shear stj(‘ss but few t(‘sts liave been made. 
The usual method of making such trusts is to support the specimen as a 
cantilever or fixed beam and apply the load as closcdy as possible t.o the 
supports. Ii'retiuently (‘iicirtding (uivcOopes arc‘ placed at each support ami 
around the span portion to pri'veiit l)ending of thi' test-piece. 

In K. Morsidi's PJisc)ih('tonb(in (translation by K. P. (Joodrieh), Ch. Ill, 
the th(‘ory is advamual that the shearing strengtli of concrete (>SV) is 
the geometric mean of its tensih' (N/) and compressive strength {Sc), 
Sg = \/StXSr- Morsch’s n'sults obtained from tests on 7X7Xll)-in. 
prisms loaded as indicat.i‘d in Fig. 15 ai‘e in accordance with this theory. 
However, sinct' in thesr* t(‘sts the concret.t^ crackiul in tension before the full 
shearing stnuigtli was developcal, oni> is led to l)tdifnM' that the computed 
values of slu^ar an* miicli tf)o low. Miirsch also tested the torsional 
strength of solid concreti' cylinders 10.24 in. in diameter by lik-kS in. long 
and hollow cyliinUus of the same outside measurements with an internal 
diami'ti'r of o.f) in. Tin* pi oportions were 1 : 4 gravel 
\ . —\ concrete iind ihv ages of the solirl and hollow speci¬ 

mens tlin'c months and twt) months, respectively. 

__iHodulus of riipture in torsion (see formula 17 in 

^ I I Nyf 2;V) for four solid cylindi'rs averaged 243 lb. per 

,,, ,, sriuare inch, for three hollow cylinders 120 lb. per 

Shear Speriinr*!!. inch. All siK'cuuens fractured on ludicoidal 

surfaci‘s. Ti'iisilc tests on like hollow sections gave 
a strength of 133.8 lb. pc'r square inch. Apparently the toi-sional strength 
is equal to th(' tensile strength if the specimen is dimensioned so that 
the intensity of the shearing str(\ss is approximately the siime over the 
entire cross-section. Mdrsch also reports results of tests on slotted beams 
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reinforced in the tension fibers so that failure in horizontal she^r alonf; 
a small portion of the neutral plane was proilucc'd. Here again it seems 
certain that diagonal tension must have largely iiifluenceJ the results. 


TABLE 7.—RTTMMARY OF RESl’LTS OF SimAR TICSTS ON BROKEN SIXINE 
CONCRETE MADi; AT I'NIVlCRSm' OF ILLINOIS AND MASSACHU¬ 
SETTS INSTITUTl'] OF I'ECIINOLOC.Y 





Stuenuth in l.u. 
l•Elt Su In in 

TOi t io 


Mix 




1j.v 

Vol. 

SlfiriNl iu. 



Sliiuii’*' 

('oiniir, 

Form of SiuteiiiiL'ii. 

T I'sls. 





1 .Slim. ^ 




I'NIVKIISITV OK IlLIMUS 'PlilKTS. AliK 2 MoN'IHS. 


1 : 3 : 0 

Air 

9 

1 ; 3 : 0 

Water 

7 

1 : 3 : 0 

Daini) iSand 

4 

1:2:4 


5 

1:3: 0 

Air 

17 

1:3; 0 

WatiM' 

5 

1:3: () 

I lain]) Sand 

4 

1:2:4 


5 

1:3: 0 

Air 

4 

1 : 3 : (1 

Daiiip Sand 

4 

1:2:4 

‘ * 

5 

1:3: li 

Damp Sami 

4 

1:2: 4 


0 


Tkst.s at Mass. 

1:2:4 

Air 


1:2:4 

Water 


1:3: 5 

Air 


1:3: 5 

Water 


1:3:0 

Air 


1:3:0 

Water 

__ 


079 

72!) 

DOo 

111);^ 


791) 
S79 
IMI 
127)7 


WA 
1S2I 
21 to 

VM2 
I ns 


12:^0 

1229 

212S 

3210 


1230 

1230 

2I2S 

3210 


1230 

2-12S 

3210 

212S 

3210 


0 Tif) 
0 09 
0 37 
0.37 


o.or. 

0 71 
0.47 
0.39 


0 ,SI) 
0.75 
0.117 

0 54 
O.M 



4X4X12 in. liP-aiiiH 
rcHlriLiiif'il fit, piiiJh 


Aok 1 Month. 


1310 

2070 

0.03 

1050 

2020 

0.03 

1210 

1310 

0.91 

1120 

1300 

0 S2 

list) 

' 950 

1.25 1 

1120 

1270 

; O.SS 


5X15 in. [lylinili^rs 
ri!s(riiini*il at nntls 
and load fid over 
Hfmn 5,\ in. lung 
liy a half ryliuder 
hearing. 


* lllinoi.s .HpuuiniFJi.s wun.' M.l T. .sivriin.>iis « i-n- XlH-iii. . yliridFr.s. 

Note.- -Ill llliiioi.H ti'St.H liim-.sloiif iia.s.sr-J J-iu. no-.sli. Tnip ronk piis.sinK 1-J iu. riiiK wii.s uauj ui 
M. I. T. 

The results of shearing te.sis on .5-in. cylin(ier.s of concrete made at the 
Mass. Inst, of Technology under the direction of C. M. Spofford* are 
* See Reid’s Concrete and Reinforced Concrete Construction, p. 198. 
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digested in Table 7. In these tests the end and center portions of the 
cylinders were tightly clarnpt^d so that bending action was made small. 
The results indicated such an abnormally high ratio of shearing to com¬ 
pressive strength that one is led to believe frictional resistance must have 
been induced at the planes of fracture. Specimens cured in water for 
one month appear to lx; slightly stronger in shear than those cured in air. 

A very comprehensive series of tests by Talbot * included punching 
tests on plane plates, on recessed plates, and on plates reinforced and 
recessed as shown in Tabh* 7. The punch used was a cylind(*r in. in 
diameteT which acted through the sp(?cimens against a die 0 in. in diam¬ 
eter. Talbot re[)orted that the reinforced recessed plates were the most 
satisfactory of the types of spx'cinien used in the punching tests. He also 
used short beam test-pierces restrained at the end in a device like the 
.lohnson sht^ar tool (Art. 5()) and applied the load across the span uni¬ 
formly but without restraining the center portion of the beam. 

The existing data indicate* that the shearing strength of concrete lies 
Ix^tween U) and (iO per cent of the compressivti strength. 

616. The Effect of Fatigue on Concrete. —Tlu^ resistance of plain con¬ 
crete to fatigue (h\st'rves consideration in iminy structun\s but particu¬ 
larly in pavements. Tests of concrt'te six months, or more, in age under 
loads rapidly repeated for 5,0()0,(M)() c\’cles indicate that the endurance 
limit (Art;. 824) of air-dry concrete in compression or in bending is apprr)xi- 
inately 50 to 55 pf‘r cent of the corr(\sponiling strength under loading 
progressivfdy applied to failure. Tests of mortars saturated with watf‘r 
indicat(‘ that the endurance limit is onl}^ about 40 p(*r cent of the strf iigih 
of air-dry mortar under progressive loading. Hatt f states that beams 
reinforced with small percentages of steel mesh show an increase of about 
13 per cent in strength and 7 per cent in extension as compared to simi¬ 
lar plain bi'ams when subjected to repeated loadings.f 

616. Resistance of Concrete to Wear. —In Bulletin 10, Structural 
Materials Research Laboratory, Abrams gives results of wear tests on 
about 10,000 S by 8 by 5-iii. concrete blocks. These blocks were tested in 
groups of 10 in a Talbot-Jones rattler. In testing, the blocks were wedged 
secur(4y to form the lining to the rattler drum and were subjected to the 
abrasion and impact of a 200-lb. charge of cast-iron balls while the machine 
ran one hour at 30 r.p.m. Wear Avas measured by loss in weight, but 
express(ui as depth lost in inches. 

Abrams found that the quality of the concrete was the most important 
factor which affected the resistance to wear. He found that the wear (IT) 
decreased witli tht* compressive strength of the concrete (*8r) and could 

* Bullvtin No. 8, L^nivprsity of Illinois. 

t For further data see Bullvtin No. 34, Eng. Expt. Sta. Purdue University; also 
The Fatigue of Metals by Kommers and Moore. 
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be expressed by the relationship in wliich A and n are constants 

dei)ending on quality of concrete and method of test. For one series of 


TABLE 8.—THE COMPRESSIVi: STRENGTH AND SPECIFIC t\’EIGHT OF 

CINDER CONCRETE 






Coin- 

Spei'ifie 




No. 

Mix by 
Vol. 

('nti- 

siati'iioy 

Ape in 
Mont h.s. 

.Slrenplh, 
I.h. ncr 

Wi‘iplil, 
I.)., pi r 

Pii Fl. 

'r.vpi* i»f 

Sjn eiiiieii. 

llnw 
( urtMl. 

Authority. 





Sij. Ill. 




3 

1:1:3 

Dry 

1 

MOO 

112 1 




3 

1:1:3 

I>V 

3 

2001 

110 4 




3 

1:2:3 

Dry 

1 

10!)S 

115 2 




3 

1:2:3 

Dry 

3 

l(i34 

112 S 



y’lsfs of 
M f'tats. 

3 

1:2: 4 

Dry 

1 

!)01 

1112 : 

l2-i!l 

Air 

3 

1:2:4 

Dry 

3 

cm 

107 !) i 


1008 

3 

1:2: r^ 

Dry 

1 

701) 

lOS S 



3 

1:2:5 

Dry 

3 

lOKl 

105.3 




3 

1:2: fi 

Dry 

1 

52!) 

107 li 

1 


1 

3 

1 : 2 : 0 

Dry 

3 

78S 

103.5 ;! 

i 


J 

3 

1:2:5 

W(‘t 

1 

lOS! 


! S X 10-in. 

1 Miiisl 


3 

1:2: 5 

Mfiliuin 

1 

12))1 


! rvl. 

1 iiir 


3 

1:2: 5 

Dili II]) 

1 

11 IS 


1 

J 

U.8. 









(iL‘Dl. 

3 

1:2; 5 

Wi-t 

3 

1704 
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Siir. 

3 

1:2: 5 

IMc dill III 

3 

ISl!) 

115 Ji 



Hull. 

3 
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Diim]) 

:i 

1720 

112.5 



No. 






113 !) 



344. 

3 

1:2:5 

Wf't 

0 

•2021 




3 

1:2: 5 

iMediiiiii 

0 

2203 

Ill 3 




3 

1:2: 5 

Diinip 

(\ 

11)15 

113 7 




10 

1:2: 5 

a 

Oj 

1 

407 


] 

1 SXll)-in. 

1 Air 


10 

1:2: 5 

a 

2 

701 

107 

j fyi. 


10 

1:2:5 


0 

1)33 


J 














SIS 




Sirphan 

10 

1:2: 5 


1 

107 
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10 

1 : 2 : 5 

O 

2 

1254 



Porrine 

10 

1:2: 5 

r i 

-3 ^ 

0 

1744 
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DSO 




Engr. 

10 

1:2:5 


1 

100 



Naws 

10 

1:2: 5 

o [5 

2 

]()35 



Vol. 70 

10 

1:2: 5 

o' 

0 

147S 




p. 722 










10 

1 :1 : 5* 

r/j fl 

1 

507 
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1:1: 5 

' W O 

C ^ 

2 

002 

100 




10 

1:1: 5 

u 

(i 

754 






* Hauil-inixed, the other batches of this proun were uiiirliiiir-nnjceJ. 
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300 teats he reports A =2230 and n = 1.07. For concrete of the type used 
in road construction, his tests show that the resistance to wear increases 
directly with the^ compr(‘K.sive strerijyd^h. From his tests Abrams concluded 
that the quality of the a^^grefi^ate did not have as potent an effect on the 
amount of wear as the water-cement ratio or proportion of crmient. 

The experience of one of the authors in condiictinp; several hundreds 
of similar wear tr'sts on slabs 8 by 20 by in a modified brick rattler 

has demonstrat(Ml that with a properly proportioned mix of well-graded 
materials, thii uniformity of wear and the amount of wear are both consid¬ 
erably afft'cted by the rjuality of the aggregate. A concrete of tough 
angular crushed dolomite will in most cases wear less and more evenly 
than a likr* concrete made of pebble aggregate. Tlu‘ two main reasons for 
this difference are the greater unifonruty of the crushed stone in strength 
and touglmess and th(‘ better bond which it affords the mortar. 

617. The Strength of Light Weight Concrete. —On account of its fire¬ 
proofing properlif‘s and its light weight, cintler concrete is considerably used 
for floor construction and for a fireproofing shell around beams and columns. 
The strength of cimh’r concrete is decidedly variable and is greatly influ- 
(mced by the strength, granidometric composition, and absorptive proper¬ 
ties of the cindfTs. Table 8 show's the results of tests made by various 
experiment(*rs. The results of tlie tests by the U. S. G. S. show that con¬ 
sistency, has but little effect on the compressive or transversir strengtdi of 
cinder concrett'. I'Vom tlu^ latter tests on (i-in. cubes and 8X11-in. beams 
on a 12-ft-- span, the ratio of the compressive strength tf) the transverse 
modulus of rupture averag('s 9.8 : 1 for concrete six months old. It will 
be noted that this ratiti is considerably larger than the corresponding 
value for gravel or broken stone concrete. 

For purposes of construction similar to those mentioned in discussing 
cinder concrete, slag concrete is sometimes used. The results given in 
Tables 9 and 10 are taken from Furnace Slags, issued by the Carnegie 
Steel Co., Pittsburgh. lOach compressive strength result is the average 
of three tests on 12X10-111. cylinders. All specimens were made of standard 
Portland cement. Tht'y were daily sprinkled with water for twenty- 
seven days aftt'T making. The results show' that the slag sand No. 2 
made by running the molten slag into a water vat is slightly superior to 
slag siind No. 1 wdiich w'as run through a spray as it fell into the water vat. 
The crushed bank slags, No. 1 and No. 2, produced a stronger concrete 
than the machine slag which was disintegrated by sprinkling with w^ater 
after it had partially cooled.* 

Haydite, an aggregate made by crusliing a bloated burnt clay, also 
makes a strong and fire-resistant concrete. During the War, this material 

• For additioniil tpsts on slag concrete, see Fig. 8; Symposium No. 18 of the National 
Slag Association; and Engr. News^ Vol. 72, p. 103 and Vol. 75, p. 276. 
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TABLE 9—THE COMPRESSIVE STRENGTHS OF SLAG CONCRETES OF 
1:3:6: PROPORTIONS BY VOLUME 


Sand. 

Rivpr 

No. 1 
Slag 

No. 2 
Slag 

nil er 

Nil. 1 
Slag 

1 

No. 1 

81 ng 

1 

1 

j Hivpr 

No. 1 
Slag 

No. 2 
Slag 

Cnarau 

No. 1 

It link 
Slag 

No. ’ 

Itiiiik 

Slag 

Nil. 1 
Itank 
Slag 

ATq- 

rhiiii* 

Slag 

Ma- 

(‘liiiip 

Slug 

Ma- 

rhi III* 

Slug 

No. 

1 Miink 
Slug 

No. 2 
Hank 
Slug 

No. 2 
Hank 
Slag 

Age 


COMPHESSIVE Sthength in 

RtI. I’KIl 

Sq.In. 



28 (la. 


1 

8()3 

9r)3 

670 

51 ; 1 

70S 

1028 

1 

097 

837 

90 da. 


1100 

122S 

92S 

820 

994 

1307 

1010 

1076 

6 mo. 

1478 

1222 

1303 

K54 

983 

1057 

1440 

981 

1225 

1 yr . 

1722 

1131 

1309 

902 

10.38 

1052 

1328 

000 

1232 

yr . 

1778 

959 

1307 

1200 

831) 

900 

1888 

1030 1 

..__l 

1 1348 

Wt. in 11). /ft.®. 

138 

121 

131 

129 

120 

122 

137 

129 

128 


TABLE 


10.—PROPERTIES OF AGGREt 


JATES IN SLAG ^onCUIETES 


Chemical .Analyhkh. 


M El JJ AN 1 CAL A .N A LVHKH. 
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I'-ank 
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I'liiiip 
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37 
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31.28 

AbOa. 

H.23 
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10 

02 

17 40 
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44.67 
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39 

.26 

40.20 

MrO. 
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1 .48 

1 .43 

1 .45 

3 
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0.59 
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.50 
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1.39 

1.57 

1 
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55 

49 

07 
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ri'iit ra.«i.Miiig. 

Ifil'iT 
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Slag 
Siiiiil 
Nil. 1, 


10 

87.5 

75 0 

75.4 

20 

74 (i 

30 3 

34.4 

30 
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15.0 

16.0 

*10 

28.1 

9.8 

11.3 

50 

17 2 

7,K 

10.2 

SO 

1.0 

4.3 

5.5 

100 

0.8 

3, J 

3.5 


was use'll to iTLakr ooncrote ships. Cnishorl to pass :i fQ-in. screnn, the 
fine aggregate weighed about 70 lb. per cii. ft. and the eoarse aggregate 
which passed a f-in. screen and was retained on a T^n. screen weighed 
45 lb. per cu ft. Mixed in 1 : f : IJ proportions by volume with about 
22 per cent of watc^r, by weight of dry materials, this concrete had a slump 
of 8 to 10 in. and weighed when green 114 lb. p(T cu. ft. At 28 days 
numerous tests showed that the compressive strength averaged above 
4000 lb. per sq. in. (Engr. News-Record, Vol. 82, p. 802). Other tests on 
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cylinders of 1 : 6 Haydite concrete which had been subjected to tem¬ 
peratures between 1500 and 1800° F. for 5 hr. showed that the com¬ 
pressive strength, 2835 lb. per sq. in., was reduced about 55 per cent 
by exposure to these high temperatures (see Eyigr. News-Record^ Vol. 87, 
p. 765; see also papeY by Richart and Jensen, Froc. A.S.T.M.^ 1930). 


THE ELASTIC PROPERTIES OF MORTARS AND CONCRETES 


618. General Characteristics of the Elastic Curves. —As Fig. 16 shows, 
the streKs-tlefoniiation curves for cement and ct)iicretc resemble those for 
other brittle materials like cast iron, brick, and stone, (’arefully made 
experiments fail to (lisch)se a limit of proportionality or an elastic limit. 
Compression tests indicate, however, that after several applications of 
stres.s(\s less than one-half of the ultimate strength of concrete the set 
becomes momentarily constant. On account of the occurrence of set for 
low intensities of stress, the true elastic stress-deformation curve for these 
materials may diifer considerably from the gross deformation curve. 
Bach, in finding the triui elastic curve in compression, repeatedly applieil 
and released each loarl until the set at zero load became constant. By 
subtracting the set from the total deformalion the elastic deformation for 
a givtm load was ilt'termined. Altliough the true elastic curve is of impor¬ 
tance in considering the cluuigJ^ of shape of concrete after removal of stress, 
the total unit deformation due bt)th to the initial imj)osilion of k)ad and to 
the further yielding witli time are the more important factors in arriving 
at a ineasure of stress from strain either in j)lain or reinforced concrete. 
The inrr('(iHv in unit strain caused by the Kudaint'd aj)plication of a unit 
stress of unity is called t lie pUislir jlow. Methods of est imating strains due 
to sustained stress iire given in Art. 520. 

519. Calculation of the Modulus of Elasticity.- Since mortar and 
concrete have no tdaslic limit, the modulus of elasticity must be the 
slope of the stress-deformation curve at zero strt‘ss. For mixes which 
have a stress-deformation curve of sharp curvature near the origin, the 
initial modulus of elasticity, K, is of little value, except for comparing the 
stiffness of different concretes; since for all finite values of unit stress, 


or unit deformation, e, F6> and _< e, as may lx? seen from Fig. 17. 

rj 


For such curves the slope of a secant drawn from the origin through a 
point corresponding to a workhig unit stress is useful in determining 
stresses from strains accompanying momentary working loads. Also, in 
reinforced concrete design the use of the secant modulus considerably 
shortCTis the computations without undue sacrifice of accuracy. 

Professor Bach’s studies of true elastic curves led to an exponential 
equation for unit deforniatioii in compression, e = KS^j in which K and 



trench in Lt. per Pq. Tn. 
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m are constants depending upon the material. Miirsch * giv(\s the folloiv- 
ing (equations of the true elastic curve for 1 ; 2\ : o sand and gravel con- 

QrosaDoformntionB per Fnit of Length 
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Prof. 

preasion, 


Talbot * developed a fonriula for the elastic curve in corn- 
based upon the theory that the stress-gross-deformation curve 

for concrete is a parabola. Hia 
formula is Sc = — in which 

q is the ratio of e (the unit def¬ 
ormation for Sc)j to the ultimate 
unit deformation, and Ec is the 
initial modulus. 

620. Values of the Modulus of 
Elasticity of Mortars and Concretes. 

—Table 11 shows values of the 
moduli of elasticity of neat cement, 
and contTctos compiled from the 
sources nientioned. The modulus 
incrt;as(^s with tlie density, and to 
some extent with age, if specinKuis 
are waiter-cured. Morsch's results 
show that tlu^ motluli for wet mixes 
an^ h\ss than for dry mixes of the 
same proporllons. I'^or It^an luixt's 
of the same aggregatr^, the modulus like the strength increases with the 
proportion of cement ; hut- tlu‘ variation is small for proportions richei' 
tlian 1 : 2, in the cast^ of mortar, or 1 ; 1^ : 8, in tiu^ case of concret(‘. 

The stillness of the aggregate affects both the elasticity and the strength 
of concrete. Large differences between the stiffness of the mortar ami 
aggregate must promote non-uniformity of stress under load and undoubt¬ 
edly account for the low early strengths of concretes maile from certain 
granites and trap rocks. 

From 3500 tests of concrete in which mix, grading, water ratio, and type 
of aggregate were varialiles, Walker concluded that the initial modulus of 
elasticity (F.) and the tangent modidus at J ultimate {PJ 25 ) varied within 
limits with the compressive strength (aS\) thus: Ei = 33,000 sj^ and E 25 = 



MoiluluH of I'ilastifilv, K 


66,000 iSj. 

In Bulivtin 90, Engr. Expt. Sta., Ames, Iowa, J. W. Johnson reports 
750 tests on modulus of elasticity in tension and in compression. His 
data indicate that the modulus in tension is in most cases slightly less 
than in compression but for design purposes they may be considered equal. 

Blastii- Fiifw .—From the studies of J. li. Shank f it appears that for 
ordinary concrete of Portland cement and common aggregates loaded in 
air at 28 days, tlie plastic flow (y) in millionths (in./in.) per 1 Ib./in.^ is 
approxiinateil by y = 0.13j-\ where x is the time the load is sustained in 


* null. No. 14, Engr. Expt. Stii., Univ. of Ill. 

t/VtH. d/N. Coac. Vol. 32, p. 141); alao Vul. 33, p. 123. 



TABLE 11.—MODULI OF ELASTICITY FOR NEAT CEMENT, MORTAR AND CONCRETE 
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3-in. SI, I < Gin. | 24X48 in. | 3020 ] 5,200,000 I Bureau of 

3i-in. Sl.i < 3 in. i 24X48 in. [ 3250 ( 5,100, (WO Initial E Reclamation 

5-in. SI, i <Uin. j 24X48 in. I 3400 4,720,000 Proc.A.C.I., 

5-in. SI. i <lUn. I 6X12 in. ■ 4050 I .5,400,000 ) lVol.31,p.280 
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days up to 1 year. For maximum effect due to sustained load, increase 
the value at 1 year by 27 per cent. For similar concretes in water the 
plastic flow is about half as much; the equation is 7/ = O.OSOa:^. Hence 
the effective value of the modulus of elasticity {Ey) for calculation of 
stresses may l)e approximated for a sustained load by Ey = E,/{1 + £'^ 7 /), 
in which y would be calculated for the duration of the load. In the 
present state of r)ur knowledge, for ordinary coiicretes in air under usual 
working stresses of long duration, Ey will not be far from 1,000,000 Ib./in.^, 
and 1,500,000 lb./in.“ for strong lean vibrated concrete. 

621. Poisson’s Ratio for Concrete. — Under compression the unit 
lateral expansion of concrete is about one-sixth to one-twelfth of the 
unit strain in the direction of the applied forces for the ordinary range of 
working stress. 'l"he ratio increases with the richness of the mix and is 
influenced hy the other factors which affect the magnitude of thfi modulus 
of elasticity. Yalui'S of roisson’s ratio in compression found by Talbot 
{Bull. No. 20, Univ. of Illinois) varies between 0.1 and O.lb for working 
loads on 1 : 2 ; 4 concrete sixty days old. Withey {Bull. No. Univ. 
of Wisconsin) found, for stresses at one-fourth of the ultimate strength 
on concret(i two months old, the following values: For 1:3:0 mix, 0.08; 
for 1 : 2 : 4 mix, 0.11; for 1 : IJ : 3} mix, 0.18; for 1 : I J mortar, 0.10. 

622. Expansion and Shrinkage Due to Variations in Moisture Con¬ 
tent.* —Concrete will shrink upon drying and expand upon wetting, 
indepfmdent of any changes due to temperaturi? or load. Shrinkage may 
take place from the lx‘ginning while the mass is still plastic and will con¬ 
tinue until the concrete is thoroughly dry. 

The behavior during the plastic state is the same as that of any inert 
powdered material mixed with water, the shrinkage that develops being 
a consolidation of the mass which takes place as water is lost. 

Shrinkage during the hardened state occurs chiefly in the cement 
paste and depends upon the amount of paste in 1h[‘ mix and the quantity 
of water lost. 

Shrinkage during the plastic state can be obviated by preventing the 
loss of water from the mass, either through evaporation from the surface 
or through absorption of water by the aggregat e's, forms, or other media. 
Shrinkage during the hardened state can be kept to a minimum by the 
proper selection of the mix. 

The relationship betwTen the quantity of w^ater lost, the cement con¬ 
tent of the mix and the shrinkage, is show’ii in the lower diagram of Fig. 18. 
The relationship between quantity of w^ater lost and the w-ater-cement 
ratio is showm by the upper diagram. These diagrams are based on tests 
which included concretes and mortars, using sand and gravel aggregates, 

• PrBpiired by M. U. T.ngaard from tests conducted in the Research Laborator}' of 
the Portland Cement Association. 
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with the cement content varying from 3 to 15 sacks per cubic yard. The 
specimens were 5X5X17 inches, and all the mixes were workable. 
Tht^ curing consisted of an initial period of 7 days in the moist 
room followed by t) months in air at 70° F*. and 50 per cent relative 
humidity. Ihis condition of curing resulted in almost complete drying, 
as was shown by forced drying in an oven at 120° F. at the end of thi?? 



Fig. 18.—Interrelationship of Shrinkage, Loss in Weight, Cement Content and Water 

Cement liatio (Lagaani). 

pi'riod, which produced ver>^ little additional loss in weight. The diagram 
therefore represents about the maximum shrinkage that may be expected. 

To use the diagram in predicting the shrinkage of any mix for these 
conditions, determine the water-cement ratio and the number of sacks 
of cement in a cubic yard of concrete. From a point on the upper curve, 
representing the water-cement ratio, proceed vertically to the radiating 
line in the lower diagram representing the number of sacks of cement in 
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a cubic yard of concrete. The shrinkage can then be read directly from 
the scale at the left. 

For other conditions of exposure, it will be necessary to estimate the 
probable position of the curve of water lost for the expected condition of 
drying, and determine the shrinkage on the basis of the new curve. The 
dotted curve shows the w^ater lt)st from these same specimens at the age 
of 28 days, representing 1 week in the moist room and 3 weeks in air at 
50 per cent relative humidity and 70° F. This w^ill help in estimating the 
probable position of the curve of w^ater lost for other conditions, but con¬ 
sideration must l)e given to the mass of concrete involved and the oppor¬ 
tunity for drying out. The shrinkage in larger masses in outdoor exposure 
may be as litth' as I the maximum values determined from the diagram. 
In thin sections, subjf'ct to the direct rays of the sun or in artificially 
heated l)uiUliiigs, tht' maximum possible shrinkage indicated by these 
curves may Ixi developed. 

THE PERMEABILITY AND ABSORPTION OF MORTAR AND CONCRETE 

523. Discussion of Terms.—WatfU’ may entf*r a porous body through 
capillary attraction, it jiiay be forced in undca* pi essurt', or it may l)e intro¬ 
duced by a cnml)in:ition of prt'ssure and capilla,ry attiaclion. The char¬ 
acter and sizj> of tin* minu1(‘ canals connecting (he port^s with oik' ano1hf‘r 
and with the e\t.('rior of tlie liody are apparently th(‘ factors wdiich tleter- 
mine the rate of Mow into t li(' l)ody. Hy absori)tion is meant the drawing 
in of w'atJT by capillary altraiiion. All cement mixtures absorb water to 
some extent,. W hen tla* size anil arrangement of the canals are such as 
to permit w^ater to Mow' through the snlistance it is said to be permeable. 
The rate of a,bsorpiion is ilependent upon the size, number of pores con¬ 
nected with the surface of thi' body, and upon t he size and character of 
the connecting ducts; the permeability is di'pendent upon the character 
anil size of the minute passagewaiys leading tlirough the body, conse- 
iiuently there can Vie no relation Vietween these properties. 

With hydrostatic heads of 100 ft., tests liave been nuide Avhich indicate 
that neit her Portland (unnent paste nor mixturi's made from it are abso¬ 
lutely impervious. IS evert heless, l liere is abundant evidence wiiich shows 
that concrete and moitar can be made so impermeable that no leakage or 
ilampness is visible on the surface opposite to the water pressure. Appar¬ 
ently, even when the humiility is higli, the frictional resistance to flow' pre¬ 
vents the water from leaving the free surface of such material at a rapid 
enough rate to escape evaporation. Concrete or mortar similar to the 
above will liereafter 1 h^ fref|Ui'ntly referred to as impermeable or imper¬ 
vious. The approximation in such statement should 1x3 remembered. 

624. Objectives and Methods of Testing Permeability. —Although 
the principal objective in iiermeability testing is to find the water tightness 
of the concrete, such tests often have little direct relation to the imj3er- 
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{a) Si!t‘tioiial Elt'vtiliim of ^lortar Pi‘i- (^) Si r(ii)n:il I'lli'VMlion of liorriiii ot 

moaljility Snorimon, not fur Stumhinls' Spn-inun. (,1.1 riil)l)i‘r 

Coucrete, (Uiiivursity of Wisconsin). washiTs; = cast,-iron tor* anil l)ot- 

inin of holder; (' =speeiinen; [) = 
relainor for leakaj?!*; /^-wrought- 
iron pipe.) 



(c) Specimen Used for Tostinp rernieahiliiy of ContTole to Wattjr 
at the ThiiviTsity of Wisconsin. 


Fio. If).—T yces f)F Pehmeability SpEClMENa. 
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viousness of the structure due to presence of cracks and poor joints. On 
the other hand, the test is useful in determining the corrosive effects of 
percolating waters which leach out the free lime and gradually attack the 
lime in the tricalcium silicate. It can also be used to measure the relative 
efficiencies of cements and their rates of hydration. 

Two methods of measuring permeability are in use. In one, the water 
passing out of the specimen is measured; in the other, the quantity enter¬ 
ing is determined. The first method does not require as elaborate appa¬ 
ratus as the second, but is inaccurate when the leakage is small due to 
evaporation losses. The second method necessitates the use of a calibrated 
water gage for measuring the flow and air pressure to force the water into 
the specimens. Corrections due to temperature changes are also neces¬ 
sary when the flows are small. MeavS.urcments made by the latter method 
may include both the water ab.sorbed and the water passing through the 
sj^ecirnen, depending on the method of curing. 

Figure Iflshows tliree forms ofspecimen which, more or less modified, have 
been used in many important experiments. The type illustrated in Fig. 19a 
is the simplest, most easily made and readily attached to the testing 
apparatus; but the path of flow is neither restricted to a definite volume 
of concrete, nor is the area of the opening in the casting sufficient for 
the testing of concrete made from large aggregate. 

Figure 1% illustrates the form of mortar test-piece used by the Bureau 
of Standards. Similar specimens 18 in. in diameter were used in testing 
concrete. This type of test-piece requires expensive castings and gaskets. 
If the flow into the specimen is to be measured, it is probable that difficulty 
in securing a tight joint at the gasketed surfaces will ha experienced when 
high pressures are used. 

Tlie specimen shown in Fig. 19c has l)ccn successfully used in many 
tests at tlie University of Wisconsin. In the form slH)wn, the cross-section 
exposed to pressure is j sq. ft. in area and the volume is J cii. ft. Curing 
conditions may be varied ami tests rejjeated at different time intervals 
on the same specimen. Specimens are cast in simple cylindrical molds 
cured as de.sired; then, with part C rotated 90° to the right of position 
shown, Uiey arc iKHlded in neat gypsum on the circular shelf of the casting. 
After the jdaslcr has dried for a half hour, the J-in. annular space arounil 
the specimen is filled with C^rystal Steep Hoofing Asphalt. The bonnet, 
B, is then bolteil to tlie casting, the tube filled with water, and pressure 
up to 100 lb./in.- can be applied by means of an automatically controlled 
air pump. Headings of flow into the apparatus are taken at regular time 
intervals on the water gage and leakage from the face of the specimen noted. 
The resistance wire is used to heat the casting during the sealing process 
and in releasing the specimen after test. 

In the tests for Boulder Dam, the Bureau of Heclamation engineers 
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adopted an 18 by 18-in. cylindrical specimen, which was sealed with axis 
vertical in a manner similar to that shown in Fig. 19c, and pressures up to 
400 lb./in.- were applied. 

In making permeability specimens, homogeneity is a prime requisite. 
Laitance and excess mortar should be removed by a wire brush from the 
faces of specimens within 24 hr. after casting. Molds must l)c water-tight. 
Care must be exercised to insure water-tight seals in testing. 

525. The Effect of the Proportion of Cement on Permeability. —Data 
from tests show that the flow through concrete or mortar ilecreases with 
the increase in proportion of cement, pro¬ 
vided the density is constant. Plastic 
neat cement and 1 ; 1 mortar linings 2 in. 
or over in thickness may be considered 
impervious under heads less than 100 ft., 
provided the mortar is not cracked by 
overstressing. If made of bank sands of 
good fpiality, 1 : 2 mortars of plastic 
consistency will, in general, show no leak¬ 
age under a like pressure. With well- 
graded sands impervious mortars of 1 : 3 
and 1 ; 4 proportions may l)e secured. 

Fig. 20 (Proc. A.S.T,M,y Vol. 13, p. 835) 
well shows the effect of the proportion of 
cement uf)on the permeability of mortars 
made of fine (Sd A), medium (MH), and 
coarse (Sd^) sands. The exjK^riments 
were made ()n specimens like Fig. 19f/. 

The properties of these sands may be 
founil in Table 5, Oh. XIII. 

Extensive tests at the University of Wisconsin are reported in Tranfi. 
lFr. 5 . Soc. Engr., Vol. 19, p. 833; EngincfTing Bulietin No. 1245; PJngr. 
Reprint No. 22 and 41. These data show tliat hand-puddled concrete 
made with well-graded gravel or broken stone less than 1^-in. in size, and 
with a slump of 2 to 4 in., can be made imjxirmealjle to heads under 100 ft. 
by using to 7 sacks of cement per cu. yd., provided the thickness is 1 ft. 
or more. For heads of 10 ft. or less, properly made mixes with 4 sacks per 
cu. yd. can \)e made water-tight. By using mixes of 0 to ^-in. slump and 
internal vibration in planing, mixes can l>e made water-tight under 100 ft. 
head with only 4 sacks of cement per cu. yd. 

526. Effects of Density and Water-Cement Ratio on Permeability.— 
With the same cement content the penneability of concrete or mortar 
increases a,s the density decreases. This is most marked in lean mixes. 

From the results of numerous tests on sand mortars, R. Feret concluded 



I'm. 20.—Tin* biHiienfc of Pri)iK)rtion 
of Ciani-nl, on llii* PiTFm*:il)ilily of 
.Mortar Mailt* from Fiiii* [Sti 4), 
Mniiiim (Nr/8), anil Coarso (»S’r/ 9) 
Hands. 
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tVvat most impermeaV)le mortar for any given proportion of cement will be 
obtained when the percentage of fine sand (F) plus cement equals the per¬ 
centage of coarse sand (G). This grading, he also found, produced the 
maximum strength and density (see Art. 502). Mortars made from fine 
sand he found more impervious than those containing large grains (G) only. 

Figure 21 shows the relation of leakage to the cement-void ratio for cer¬ 
tain of the Wisconsin mortar and gravel concrete tests. Figure 21 (a) and (6) 
indicate the effect of the cement-void ratio on the leakage of the leaner 
mortars and concret(\s. Figure 21 (b) illustrates the superior water-tightness 
of the 0-slump concrete specimens 6 in. thick placed by vibration to that 
of the 2 tt) 4-in. slump, hand-puddled mixes. None of the specimens with 
flows of 0.0005 gal./srp ft./hr., or less, exhibited visible leakage. Water- 
tightness, as measured by invisible leakage under a 100-ft. head for a 



Fro. 21.—l{cl:i,tinii i»f lirakapn to (r/) Cciiinit-Voitl llatio for Mortars, (?;) Crmnnt- 
VtiiU llatio for Concrc'ti*, (r) \\ atiT-Ci’ini-iit Ratio for ConKrotu. l*ri‘.ssiirf', 40 


thickness of 1 ft., is indicated as obtainable for mixes with w/c = 0.5, or 
less, by weight , in Fig. 21(c) and in Fig. 3, Ch. X. These diagrams also 
indicate the sui)erior water-tightness of the concretes made of the finely 
ground, liigh-(»arly-strength cements and the Portland-puzzolan cement. 

For hand-i)uddled concrete made of gravel under in. in size and a 
good sand, m = 2.7, Norton and Pletta’s tests at Wisconsin show that the 
highest degree of water-tightness was ol)tained w'ith the mixed aggregate 
graded to /n-values of 5.2, 5.5, and 5.8 for the 1 : 4, 1 : 5, and 1 : 6 mixes, 
by volume, respectively. For the vibrated mixes made of the same 
aggregates, Fig. 21(//), the values of ?n ranged from 5.7 to 5.9, and the 
cement contents from 2.9 to 3.8 sacks per cu. yd. For the 2.9-sack mixes 
represeided by points .4, B, and C, the sand to gravel ratios were 0.30, 
0.32, and 0.34 and tlie values of wi, 5.9, 5.8, and 5.7. These data all indicate 
the pronounced influence of grading on the density and water-tightness of 
lean mixes. 
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627- The Effect of Consistency on Permeability.—With hand placing, 
a dry mix leads to pin holes and heavy leakages, especially with lean 
concretes. The use of excess water reduces density and increases flow. 
A slight excess of water produces far less leakage than a similar deficiency, 
even in a mix as rich as 1 : ; 3. For most hand-placed concrete, the 

minimum slump which can he successfully used varies from 2 to 6 in., 
depending upon the richness ol the mix, size of aggregate, intricacy of 
reinforcing, width of forms, and amount r)f piuldling. With vibrated 
concrete, slumps of 0 to 1 in. can often be used effectively on massive 
constructions, and rarely need the slump exceed 2 in. 

62B. Permeability Coefficients.—From the high-pressure permeability 
testLS of the Bureau of Heclamation * in connection with Boulder anu other 



Fig. 22. —CurfTif’ifnts nf PiTirii'aInlit y nf Cr)nrri*l,('. 
(Proc. Am. Pone. Inst., A'ol. 31, p. 3a.'j.) 


dams, A. Ruettgers, F. N. Vidal, and S. 1*. Wing estaldished several useful 
coefficients based on the application of F’Arcy s Law, Q/Ar = K, U/L, to 
flow of water through concrete. By repeatcrlly testing s|K^cimens under 
different pressures and other specimens differing in thickness, they demon¬ 
strated that the quantity of water {Q) flowing in a given time was i)r()por- 
tional to the ratio of the head (//) to the percolation length, or tluckness of 
specimen, (L). Hence the pcrmmhiUly coefficient {K,) represents the unit 
rate of discharge in cubic feet p(^r second due to a head of one ftmt acting 
on a specimen of one square foot cross-section and one foot thick. 

From their tests using measured rates rjf inflow after flrjws of 250 hours 
or more, and their studies of existing data, they evolved the diagrams 
shown in Fig. 22. In Fig. 22a, Kr has the aforesaid significance. 

• Proc. Am. Cone. Irisi., Vol. 31, p. 382; Vol. 32, p. 230, p. 378. 
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Dividing Kr. by the absolute volume of the paste in the mix, the 
equivalent of l-s~g, gives the coefficient Kj,. By comparing values of Kp 
found by different experimenters for the same w/c ratios, a measure of the 
corrosive action of the percolating water can be had. 

The Demity Coejfwimi. —Dividing Kr by the volume of mixing water 
per unit volume of concrete furnished the coefficient is directly 

propijrtional to the mean velocity of the percolating water and is a more 
sensitive measure than K,. of the influence of the water-cement ratio and 
coarseness of the aggregate on the pore formation. 

The Corrofiioti Coefficient. —The coefficient K,- per pound of cemeTit jxir 
cubic foot of concrete is a direct measure of the relative life of the concrete, 
since it measures the rate of corrosion due to jx^rcolating water. 

'Die.se experimenters also furnished evidence to .show that there was 
little effect on .strength due to a removal of 20 per cent of the lime cf)ntent 
by corrosive action of the percolating water, liut a removal of 33 per cent 
entailed an 11 i)er cent strength loss. In order to produce a removal of 
half the lime they estimated that a percolation of 35 cu. ft. of water would 
lie required for each pound of cement in the concrete mass, assuming 
water as corrosive as ilistilled water. 

In addition to the foregoing, the Bureau’s tests iiulicated that the 
major factors affecting the permeal)ility of their viluated gravel concrete 
of 2 to 4-iM. slump was the water-cement ratio and the maximum size of 
aggregate (Fig. 22). Their analysis indicates that water perct)lated 
f hrougli («) inter-sand voids above the settled cement paste which increased 
rapidly in size for values of the water-cement ratio greater than 0.4 to 0.5, 
by weight; (6) minute voids in the cement paste wliich depended fur size 
upon the state of the chemical reaction; and (c) voids under the coarse 
aggregate particles, caused by settlement of the mortar and depending 
UfX)n the size of the aggregate and the water-cement ratio. Tests on neat 
cement pastes furnished higher Kr and Kp values than concretes with 
J-in. aggregate or mortars. This shows that the water-tightness of the 
neat paste is improved by additions of properly graded aggregates which 
break up interconnected pores in the paste. 

Their tests indicated that Boulder Dam mass concrete containing 9«-in. 
giavel and 1 barrel of low-heat cement jier cu. yd. is so impermeable th/it 
the flow through its pore structure is negUgil)le. 

in tliis very informative report are also included permeability coefficients 
and classt\s of perineal)ility for various materials as listed in Table 12. 
An increase in the classification number of unity indicates an increa.se in 
iiiipermeal)ility of ten times. 

529. Effect of Curing on Permeability.—Proper curing is of the 
utmost importance if impermeable concrete or mortar is to be secured. 
Premature drying adversely affects the iirqierviousncss of lean mixes 
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TABLE 12.—TABIT.ATION OF TYPICAL PERMEABILITY COEFFICIENTS 
FOR V ARYING MATERIAIii 


Coefficient repre.<ient.s qiieiility of water in cubie feet |>er eerond, per antiare fool of eiirfaep exposed to 
pereulatiun, pas.sinK tliriiuali one font of eubetance witli one toot bead, - 
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iiiucli more tliaii (lint of tlie rich mixes. 'Fhe imfUTviousiiess of lean niLx- 
Uires properly cured for llin*e weeks may be entirely destroyed by drying 
at 120 to 150° V. These facts are evident from the jirevioiisly mentioned 
tests at Wisconsin. Also the increase in pcn'cidation is roughly in jiropur- 
tion to the weight lost in dryiiiK. The Bureau of Heclamation tests show 
that the percentage ol' jiercolat.ion after various hnigths of moist curing 
varied as follows: idler 20 days 1100, ill) days 200, 00 days 100, 270 days 
50 per cent. Tliese inlluences are more important in structures under 
0 in. or a foot in thickness, since atmospheric drying caus(\s little moisture 
withdrawal l)eyond a depth of 2 or II in. from the surface. 

630. Other Conditions Affecting Permeability.—Tln^ water-tightness 
of concrete w^ill also vary with tlie fineness of the cement, th(‘, character of 
the aggregate, the quality of the [)ercolating water, time of mixing, and to 
some extent with tlie direction of flow. 

The influence of fineness of cement is eviiUmt in the data of Fig. 3, 
Cli. X. Witli hainl placemeid, angular or flat, particles of aggregate are 
less easily compacted than rounded particles. 

The water-tightness of the concrete will also lie afTcctcd by the porosity 
of the aggregate. A rapid flow is likely t (j increa.se with water of high pH 
content due to a more rapid leaching of the lime from the cement and 
to decrease if the jiercolating w’^atcr contains sediment or bacteria which 
will plug the pores of the concrete. A low flow may gradually diminish 
due to the deposition of lime carbonate in the pores of the concrete. 
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The Wisconsin tests showed that the amount of mixing markedly 
influenced the water-tightness of hand-puddled lean mixes such as 1 : 9, 
by weight, but affected the water-tightness of the rich mixes much less. 

With hand-puddled concrete the Wisconsin tests showed greater perme¬ 
ability when the pressure was normal to the direction of pouring than when 
parallel to that direction. In the Bureau of Itnclamation tests on vibrated 
concrete the [)crcolation was the same in either direction. 

631. The Absorption of Concrete and Mortar.—A proper method of 
testing the absorptive i)r(jperties of concrete or mortar is yet to be deter¬ 
mined. By drying these suljstances at temperatures abovn 120 to 150° F. 
the imperviousness is greatly reduced, and conscciuently water will pene¬ 
trate farther into such material than it would into undried concrete. 
Nevertlieless, the method of conducting the absorption test ordinarily 
employed for other porous materials is generally used in testing mortar and 
concrete. 

A ,sf?ries f)f tests on the absorption of 1 : 2, 1 : 4, 1 : 0 and 1 : 8 mortars 
made from lliree different sands is repf)rteil in Technologic Paper No. 2. 
Tlie ti\st-f)ieces were 2-in. cubes. They were storetl in a tlamp room 
between testing periods. Before testing they were dried for several days 
at a temiM'rature of 212 to 230° V. After cooling they were immersed in 
water to a depth of 3 in. They were periodically weighed until they 
gained less than 2 'i> 1 IK‘T’ cent jier flay; the test was then stopped. 

The cxjforiinents show that the absorption generally decreases with age, 
the greatest change occurring in the first two months. Mortars of damp 
consistency absorbed more than those of quaking consistency. Mortars 
made of coarse sand were somewhat less al)Sorptive than those made of 
fine sands. The absorption, in general, decreased with the increase in 
richness of mix. The results show, liowever, that some factor, probably 
porosity, exercised a more imj)ortant influence than tlie proportion of 
cement. Slag sand mortars, on account of tlie porosity of the aggre¬ 
gate, absorbcfl inucli more w'ater than either the fine or coarse sand 
mortars. 

Alisorption tests made at the University of AVisconsin on mortars vary¬ 
ing in richness from 1 : 2 tfj 1 : 5 have shown that those made from screen¬ 
ings and find sands geiicrally absorb nmre water than those made of better 
graded material. Mortal’s of 1 : 2 to 1 : 4 proportions made of good mate¬ 
rials and proj)erly cured ought not absorb more than 10 per cent of water 
after forty-eight hours’ immersion. Well-made concrete of dense aggre¬ 
gate should not absorb more tliiin 6 per cent of w\ater under the same 
conditions. 

632. Waterproofing Materials.—For a numl>er of years attempts 
have U'en nuule to tliscovcr washes and compounds which will waterproof 
concrete and mortar. In general, tests seem to show that if proper atten- 
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tion is given to a proportioning, mixing, and curing these compounds are 
not needed to seciire impernieLtljle concrete for heads uiuI':t 100 ft. Further¬ 
more, if good materials are procurable at average prices it is (luestionable 
if the extra expense involved in the use of such conipounds will not be 
greater than the cost of additional cement required for water-tightness. 
It must also be understood that any beneficial results accruing from the 
use of these compounds cannot offset poor workmansliip or improper 
curing. Furthermore, if the concrete cracks neither a tu'operly made mix 
nor the use of such washes or compounds are elTective. IN’hen there is 
probability of cracking, expansion joints should Vie visclI or a water¬ 
proof elastic membrane forming an integral jiart of the wall shindd be 
employed. 

Waterproofing compounds may be divirletl into two classes: integral 
mixtures, those which are added before the coiuTete is mixed; and surface 
washes, those wliicli are applied after the work is finished. The integral 
mixtures may be inert, simply void fillers such as finely grnuiul clay or 
hydrateil lime; or tliey may l>e active by virtue of comjiDUiids which tliey 
form during the hardening of the cement or liy their repeiiing action toward 
water, the soap and alum comliinatiou, for exanqile. The coatings com¬ 
prise seven classes, These are: I, water solutions of inorganic sails, siu*h 
as magiiesiuin lluosilicate, zinc sulphate, and sodium silicate; 2, water 
suspensions of pore-filling siilistances, such as iron filings or casein in 
ammonia; 3, soap solutions with an evaporable solvent wliich reiict with 
the hydrated lime to fill the pores; 4, combinations of solutions in successive 
applications which react chemically and till the jiores, such a:s the soap and 
alum process and the sofiiimi-sulphat.o, barium-chloride combinaiioji; 

5, solutions of solid liydrocarbons in nil or parafhn, such as Minwax; 

6, l:)itumiuous coatings sucli as tlie Aspludt emulsions; and 7, Tnisc(‘llaneou.s, 
such as cement and mnrtar grouts. For reports on surfaee eoalings, see 
Proc. Am. Cone. Inst., Vol. 28, p. 209, and Vol. 30, p. 1. 

633. Effect of Hydrated Lime on Permeability.—On account of the 
plasticity and easy wtuking (inalities whicli hyilrated lime imparts tf) 
cement mortars, and since it also decreases s(‘gregatit)n, it has beim con¬ 
siderably used as a waterproofing compound. It may be mixed with tlie 
cement in proportions less than 15 j)cr cent without jjroducing loss in 
strength of concrete. Numerous tests on jin)rl,ars anrl eoncretes have 
indicated that its use decreased permeability.* With a GO-lb. per square 
inch water pressure, S. K. Thompson’s tests * indicated that additions of 
8, 12 and 16 per cent of hydrateil lime in terms of the weight of the cement 
gave water-tight concrete for 1:2:4, 1 : : 4g, 1 : 3 : 5 proportions, 

respectively. The concrete was made of run-of-crusher hard conglomerate 
r[)ck below 2 in. with dust removed. All of the sand passed a |-in. mesh, 
* Proc. A. S. T. A/., VdI. 8, p. 5(X). 
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26 per cent passed a No. 40 sieve and 4 per cent passed No. 100 sieve. 
Specimens of the type shown in Fig. 19a were used, the thickness of wall 
subjected to flow was 8 in., and leakage through the specimens was caught 
and weighed. Thompson ct)ntended that hydrated lime paste is a more 
efficient void filler than Portland cement paste, since the volume of the 
former is about 2\ times that of the latter. 

Tests of lean concrete made by J. L. Davies * * * § on cylinders 8 in. long, 

6 in. in diameter, showed that the rate oJ flow was decreased by replacing 
20 per cent of tlie cement, by weight, with high calcium lime. The results 
with dulomitic lime were not so satisfactory. Davies used mixtures 
varying from 1.1 : d : 6 to l.d : 3 : 6 by weight and pressures of 40 aiid 
80 lb. per square inch. From a study of his results and the cost per 
cubic yard of the different concretes based on New York City prices, it 
does not appear that such use of lime is economical. 

Tests by E. W, Liizell f anil by the U. S. Bureau of Standards } show 
tliat the replacement of 10 per cent of the cement with hydrated lime 
increases the imperviousness of 1 : 3 and 1 : 4 mortars. 

634. Effect of Finely Ground Clay on Permeability of Mortars.—U. H. 
Gaines § made a num))er of tests on 1 : 3 mortars in which he replaced 
10 per cent of Cowe Bay sand with finely ground clay. Under pressures 
of 80 lb. per square inch he found no leakage for test-pieces containing the 
clay, although the normal specimens leaked consideral)ly. Davies also 
made tests on the efficiency of finely ground clay for waterproofing con¬ 
crete, but he concluded that this method also was not economical. 

636. Integral Mixtures of Alum and Soap.—In experimeMts at the 
University of Illinois || on 1 : 6 mortar under 40 to 45 lb. per square inch 
pressvire the pennealnlity was greatly reduced by the use of a soai) and alum 
mixture amounting to 1.2 per cent of the cement, ddie experimenters 
recommended a 1 : 3 mixture of alum sulphate and hard soap. C 'om- 
pressivc tests sliowed a small reduction in the strength of the nux due to 
the alum content. The lasting qualities of such treatment are, however, 
to be questioned. 

636. Waterproofing by Surface Washes.—BetAveeii 1924 and 1933 
tests on the waterproofing efficiency of 21 surface washes covering the 

7 classes enumerated were made at the Universit}" of Wisconsin by C. L. 
Ncumeister and (1. VV'. Washa. The specimens were of the t^-pe showui iu 
Fig. 19(r). Specimens initially permeaVde were chosen and their flows 
determined immediately prior to treatment under a pressure of 40 Ib./in.- 

* En^r. Nvu'fif Vol. 08, p. SOO. 

tProL'. A. S. T. 4/., Vi>I. 6, p. 341. 

J Terhnologir Pnfn'r No. 3, by H. J. Wig iUiJ P. H. bates. 

§ Engr. A'nr.v, Sept. 20, 1907. 

II Eugr. Nvws, Vol. 02, p. 390. 
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over the 40 to 50-hr. interval. They were then treated with a surface wash 
in accordance with the recommended procedure and again tested for flow, 
^rhc efficiency of a treatment was based on the ratio of the difference 
between flow before and after treatment to the initial flow. The effi¬ 
ciency for a given wash was calculated from 3 or 4 such tests. 

Of the washes in the first six classes, Colorless JNIinwax had the highest 
efficiency, 72 per cent. After a 2-yeaT exposure out of doors it exhibited an 
efficiency of 44 per cent. Four coats of asphalt emulsion had an efficiency 
of 71 per cent, Imt it was not available at the time the exj)osure tests were 
run. This material is very easy to apply. Most of the waslurs showed 
severe loss(\s in efficiency due to the 2-year exposure. 

Neat cement and 1 ; 1 and 1 ; 2 grouts containing sand passijig a 
N(?. 20 sieve were also testetl. Three coats of each of thesi* washes were 
applied at intervals of 10 1 o 12 hr. After this tliey were kept moist under 
damp burlap for various lengths of time up to 7 days. 'The effioiency of 
the waishes improved w^ith tlie length of the curing perioil, and tliere was a 
iTiarketl increase in the efliciency of the sj)ecimens cureil 7 days as compared 
to tliose cured only 3 ilays. 1he 1 : 1 grout exhibiteil an efliciency of 
8(S per cent and the lowest flow after treatineid of any of the washes tested. 
The 1 : 2 grout was next wnih an efliciency of 72 per cent. The efficiency 
of the neat cement wash wais oidy 05 per cent. None of these cement 
washes wa>re run in the exposure tests. 

637. Waterproof Membranes.—Absolute imperviousness can be secured 
by the use of several laytus of fabric like tlie better grades of roofing felt 
cemented to the wurk l)y hot as])li:dt or coal tar wasiies. To prevent 
deterioration it is wadi to cJ)ver the alternate layers of jjitch and felt with 
a jirotectivc layer of coiiciele or mortar.''' 

630. Surface Hardeners. The surface of an improperly cured floor can 
l)e hardened aiul rendered less dusty l)y tlie ai)plication of waiter solutions 
of either alumimim sulidiate or sodium silicate. Prior to eitdier treatment 
the floor must be thoroughly cleaned, scrubl)ed, and allowed to dry com¬ 
pletely. 

If aluminum sulphate is used, a 15 per cent sulution should be prepared 
a few’' days in atlvainci* of trcaitineni in order to dissolve the sulphate com¬ 
pletely. The ciuantity rtHpiired may be estimated at 1 gal. per IOC) sq. 
ft. Apply 3 coats with a iiioj) t)r soft brush at 24-hr. intervals, allowing 
each to dry thoroughly. 

If commercial sodium silicate is applied, it should be thinned with 
4 times its weight of W'ater. One gallon of this solution will cover about 

* Fnr further infurmaiinn coneeriiinK methrid.s of wnterprnofiiig foucrete, stie Proc. 
American Concrete Imtitulc, Vul. 10, p. 2M4, Jind \ ol. 20, p. 041. 

Ill-suits of tests on toiuTete waterproofed by fabric.s may be found in Bulletin No. 
330 of The University of W’isconsiu. 
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200 sq. ft. Throe appJications should be rriade^ and each one should be 
thoroughly brushed into the surface for several iriinutea. After each coat 
has dried it should be carefully washed and again dried before the next 
application is made. 


THE EFFECTS OF TEMPERATURE ON MORTAR AND CONCRETE 


639. The Effects of Low Temperatures on the Hardening of Concrete.— 


An extensive investigation of the 



Acr al Ti'sl - ilLiys 


Fiu. 23.—llrhitivi' Strc'ii^th of Coiicri'to 
IIS Tnllui'TiiM'il hy StoriiKo 'ri’inpcTiitiim. 
i('/r = O.S, by vol., slimip 3 to 5 in. 

and materials were lirimght to the 


effects of low temperatures on the 
strengths of concrete made with 
normal and with high-early-strength 
Portland cerruviits at the Portland 
Cement Association Lal)oratory was 
reported V)y A. G. Timms and N. II. 
Withey in Proc. Am. Cone. Inst., 
Vol. 30, p. 159, and Vol. 31, p. 165. 
A mixture of four brands of normal 
cements and two different- high-early- 
strengtli cuanents were used. Aggre¬ 
gates were hdgiii sand and gravel 
passing a :J-in. sieve. Workable mixes 
of 2 to 6-in. slump containing 4^, 6, 
and 9 gal. of water per sack of cement 
were made with each cement. I'our 
3 iry 6-in. cylinders cast and puddled 
in standard manner were made in 
paraffin-treated cardl)oard molds for 
each test condition. Prior to low 
temperat\jre exposures, specimens 
were given a preliminary curing in 
the uncovered molds for the periods 
indicated in subsequent diagrams. 
Specimens were removed from cold 
storage wlien 1, 3, 7, or 28 days old. 
Subsequent to cold temperature ex¬ 
posure, certain specimens were strip¬ 
ped of their molds and cured at warm 
temperatures in air at 50 per cent 
humidity for various periods. Molds 
casting temperature indicated before 


the s|)ecimens were moldeil. All specimens were soaked 1 to 3 hr. in water 


at 70° F., immediately before testing. 
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Figures 23 and 24, taken from the Timms and Witlie^^ ivport, show 
lelations useful in design. In Fig. 23 is shown the rf^lative strength of 
euncrete with a water content of ti gal. per sack placed at 70° l'^ for ] , 1, or 
3 days and then trealed as indicated. Specimens e.\|)osed at 10°, 33°, 
and 50° F. were in uncovered cardboard molds in a cold room. The 
concrete representeil was of excellent quality. Its le i, l)y wt., was 0.53, 
and its compressive strength moist-cured at 70° F. for 2S days was about 
5200 lb./in.“. d'his figure 
shows the marked retarda- 
ti(m in hardening sulTered 
by concrete when placed 
at low temperatures. 

Further data given in 
the report show that prac¬ 
tically the full potential 
strength of a concrete sub¬ 
jected to such low tem- 
perature.s can l)edeveloi)ed 
provided it is kepi f^tUaraiviJ 
during the warming period, 
but warming in an atmos¬ 
phere at 50 per cent rela¬ 
tive humidity was not n 
satisfactf)ry proctah ire. 

Figure 24 is an aid in 
designing concrete placed 
in cold weather but suo- 
jected to 50° F. curing 
temperature. In the up|)er 
four diagrams the design 
strength, given l)y the 
upper dash lines, is haned 
on concrete cured in molds 
1 day then moist at 70° F., 
whereas in the lower four 
diagrams the design strength is haned on water curing at 72° F. after 
removal of molds. The solid lines represent the relative strengths of con¬ 
crete given the preliminary storage at nonnal temperatures, then in air, 
or water, at 50° F. The dotted line.s indiiaite slriTigtiis for l■ollcrete after 
preliminary storage of 1 day in air at 50° F., followed by storage in air or 
water at 50° F. 

As an example of the use of Fig. 24 assume that the relative 7- and 




12 IG 21) 24 2H () 4 8 J2 Hi 21) 21 28 

Affi; at - tl.'iya 

Fir. 24.—Ri'laiivr* Cr)ui|)ri‘s.sivr 8trf':ngth oi Concrete 
Slorcfl at 50® F. Itasial on Curing at 70° F. 
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28-day strengths of concrete made of normal cement and subjected to 
curing at 50° F. in air are wanted in terms of the 7-day normal strength. 
From the dotted curve in diagram B the respective ratios are 0.5 and 0.8. 
Hence the estimated 28-day strength of concrete cured in air at 50° F. is 
80 per cent of the 7-day strength normally cured. 

In Ptoc. A.S.T.M., Vol. 37, p. 306, H. H. Scofield reports freezing tests 
made at Cornell University on 1500 specimens. These tests show the effect 

TABLE 13.—EFFECT OF IMMEDIATE FREEZING ON THE STRENGTH OF 

CONCRETE. (Scofield) 


Aciniil riimprPNflivr; ntren^th in pniindn per square inch is given for all normal (0-daya frozen) results. 
Ages given are for moist curing jieriocls after frozen period. 


Cement 

Hliimp, 

ill. 

J'roziMi 

CiTiiiil, 

liuyH 

CoinprciLiivc Strength rif Previnusly Frozen Cnncretf lus Pprep.ntage of tin; Strength 
of the Normal CnniTctc at the Same Age 


1 ; 2 

: 3 Concrete 



1 : 3 

: 5 Concrete 


7 days 

2H 

days 

1 yr. 

4 yr. 

Aver¬ 

age, 

lier eeiil 

7 ilaya 

28 

days 

1 yr. 

4 yr. 

Aver¬ 

age, 

lier i!p,nt 


1 

0 

2387 

4180 

0773 

67H7 

mil 

1.502 

2777 

4045 

4665 

100 

No. 1. 

2 1 


Ul Q 

.55 1 

64 4 

67 8 

62.2 

40 2 

43.2 

55 5 

55 4 

48.6 


1 

7 

57 0 

51 0 

55 6 

54 3 

57.1 

38 .5 

37 4 

53.4 

51.7 

45 2 


1 

0 

400n 

4IKIB 

6370 

7040 

100 

3075 

3690 

4815 

4596 

100 

No. 2. 

2 \ 

1 

.511 0 

61 7 

57 (1 

58 4 

54 8 

54 0 

67 7 

63 1 

71 8 

60 6 


1 

7 

44 2 

56 7 

60 5 

.53,8 

.53.8 

42.3 

56 9 

59.4 

58,7 

.54 3 


1 

0 

17.50 

3055 

4335 

4567 

KM) 

1I)!K) 

1990 

3760 

3061 

100 

No. 3. 

2 \ 

1 

44. (i 

4H 5 

73 4 

77.2 

flu 0 

51 4 

50 2 

70.3 

76 () 

62.3 


[ 

7 

.52 II 

51 7 

72 2 

55 7 

50.4 

.511.4 

411.2 

60.1) 

77.7 

58.7 


1 

0 

2300 

3677 

6046 

5685 

nil) 

1118 

2033 

34:i3 

4063 

100 

No. 1. 

8 1 

1 

43 H 

51 2 

55 I 

67.7 

,55 7 

37 2 

37.0 

44 4 

511 6 

42 8 


1 

7 

47.5 

.50 1 

,54 7 

53 1 

53 8 

33 7 

37.2 

43 7 

45 1 

39.9 


I 

0 

3MI5 

4630 

5572 

5002 

100 

2390 

3290 

3990 

30.56 

100 

Nd. Z. 

6 ] 

1 

3H 4 

46.0 

51 3 

.55 2 

47.7 

50 6 

57.1 

50.9 

57.1 

53.9 . 


1 

7 

36 II 

43.5 

52 8 

56 3 

47 4 

43.0 

43,4 

50.0 

61.0 

49 3 


1 

0 

1750 

3160 

4725 

5201 

100 

900 

1770 ^ 

3250 

3005 

100 

No. 3. 

n i 

1 

45 7 

57.1) 

70 0 

65.3 

.58 7 

51 1 

57.7 

52 9 

59 9 

55 4 


1 

7 

46 8 

411 7 

55 7 

60.0 

53 5 

48.0 

50. [) 

.50 6 

.57!) 

51 S 


f 

0 

4070 

4022 

5755 

5872 

100 

2775 

2780 

3.538 

2788 

100 

No. 4 . 


1 

K7 7 

97 7 

88 5 

11)1 0 

93 7 

69 0 

70 0 

65 4 

68 5 

68 2 


1 

7 

K.5 1) 

07 0 

07.4 

02.7 

93.0 

70.3 

77.3 

81 0 

72.7 

75 3 


1 

n 

184(1 

3047 

5123 

4738 

100 

H2.5 

1453 

2640 

29.50 

100 

No. 1. 


i 

53 0 

51 7 

611 f) 

71 1 

60 0 

49 1) 

49 3 

.5 2.1 

62 0 

53 2 



7 

3S.7 

52 0 

51 3 

64 7 

517 

39 7 

4li 0 

46.8 

.54 4 

46 7 


of immediate and delayed freezing on the strength, stiffness, and perme¬ 
ability of concretes and mortars made from 6 types of cement. His data 
on the effect of immediate freezing are given in Table 13. Cement No. 1 
was normal Portland; No. 2, a high-early-strength Portland; No. 3, a 
waterproofed Portland; and No. 4, a high-alumina cement. Specimens 
frozen immediately were placed in the cold room at 10° F. as soon as 
molded. The temf)eraturc within the 6 by 12-in. cylinders reached 32° F. 
in 3 to 4 hr. and 10° F. in about 12 hr. All specimens were moist-cured 
after the freezing period. Each result represents at least 3 tests. These 
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data show that concrete of Portland or high-early-strength Portland 
cement loses from 40 to 60 per cent of its potential strength and stilfness 
when frozen immediately. Varying the length of the freezing period had 
little effect. The drier mixes of 2-in. slump suffered somewhat less than 
the wet mixes, especially at the early ages. The influence of freezing in 
increasing permeability was marked, especially at the early ages and for 
specimens frozen 7 days. Here again the leaner mix was most affected. 
The high-alumina-ccment concrete developed much higher percentages of 
its potential strength and stiffness and exhibited no leakage after freezing. 

Scofield’s data on effect of delayed freezing showed that the full 
potential strength of the 2-in, slump mixes could subsequently be developed 
by moist-curing, provided the concrete was given 24 to 48 hr. in room-dry 
conditions prior to freezing. For the wet mixes of 9-in. slump, 8 or 4 days 
of such preliminary curing were required InTore freezing in order to avoid 
injury. His data indicated that moist-cured specimens required longer 
precuring than air-cured specimens in order to avoid permanent injury by 
freezing. 

Several alternate freezings and thawings prior to hardening arc more 
injurious than continuous freezing. A few tests by AV. C. F. Hath in a 
thesis in 1906 at the University of AVisconsin imlicate that the greatest 
injury was done to the cements then used when the intervening thawing 
periods were 4 to 6 days apart. 

640. The Rate of Cooling of Concrete Setting at Low Temperatures.— 

A number of tests on rapidly cooled concrete wallettes were made by 
0. A. Bailey and F. D. Bickel at the University of AVisconsin in 1915. 
The wallettes were 30 by 24 by 6 or 12 in. They were cast in 1^-in. pine 
forms in a refrigerator at temperatures about 10° F. The wallettes were 
cast with a dividing partition of galvanized iron so tliat 12 by 12 l)y 24-in. 
prisms could be reniov^ed and tested. Data on 1:2:4 gravel concrete of 
medium consistency made with several l^ortland cements indicated that 
such concrete placed in 2-in. plank forms with top covered will set before 
it freezes, provided the temperature of the concrete at pouring is 100® F., 
the wall 6 in. or more thick, and the outside teini)erature 0° F., or above. 

Methods of calculating tenifx^rature changes in setting and hardening 
concrete, and of evaluating the accompanying stressfis, are discussed by 
li. AV. Carlson in Proc. Am. Cone. Inst.j Vol. 34, p. 89 and p. 497. 

641. Alternate Freezing and Thawing Tests on Hardened Concrete.— 
Although thus far no fixed procedure has been adopted for measuring the 
resistance of masonry materials to freezing and thawing, progress has been 
made (see Kept, of Committee on Cements, Proc. Highway Research 
Board, 1936; also Kept, of BuUding Research Board, 1927 and 1928). 

Among the influential factors are (1) the criterion to use in judging the 
effects of the test, (2) method of immersion of specimen, (3) rate of lowering 
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temperature through the freezing point, (4) method and rate of thawing, 
(5) numl^er of cycles required as a criterion. The following procedure has 
been used successfully at the University of Wisconsin. 

Make and cure in accordance with standard methods 3 to 5 prisms for 
each condition to be tested. These can be tested as beams, then broken 
as modified cul)es in compression, and, if desired, used for expansion and 
loss in weight measurements prior to testing for strength. For concrete 
6 V)y 6 by 18-in. and for mortars 2 by 2 by 9-in. prisms are satisfactory 
specimens. Soak specimens 24 hr. prior to freezing and support with top 
surface as molded down in trays of water 1 in. deep. The trays should be 



Fiq. 25.—lOITcnt nf Friu'zinp; anil Thawing on tlie Stri'iigth of CunerntR Made of Crushed 
Dolomite. (7Vor. Am. (Vmr. /rt.s/., Vol. 35, p. 553.) 

cooled at such rate that the recorded temperature at the center of a prism 
will drop from 32° F. to 15° F. in not less than 3 hr. and not more than 

5 hr. After freezing, thaw one hour in water at 70° F. Repeat for 100 
cycles; make determinations of differences in strength, weight, etc., 
between the normally cured and the frozen and thawed specimens. Stand¬ 
ardize condition of specimens by soaking in water prior to making such 
determinations. 

Figure 25 shows the effects of 150 cycles of freezing and thawing on 

6 by 6 hy 18-in. prisms of excellent vibrated concrete tested as suggested. 
Concretes with water-cement ratios alx)ve 0.54 exhibited marked reduc¬ 
tions in modulus of rupture due to freezing and thawing. 

After 100 cycles of such test, durable concrete should have a modulus of 
rupture not less than 80 per cent of that of similar concrete of the same age. 
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TABLE 14.—THE EFFECT OF CALCIUM CHLORIDE AND SODIUM CHLOR¬ 
IDE ON THE COMPRESSIVE STRENGTH OF 1:2.4 CONCRETE 

Matcriala:—Atlas cpmcnt, Kond pit snQil wcighine 108 lb. per cii.ft., and limestone paaeinK a ll-lP. 
mesh and ^cighiUK [>0 lb. pur cii.ft. 

ConBiBiency:—Wet. 

Sturage; Normal Bpecimnns stored in air one day, in water l.'l days. T>nw-temppriitiiri* s^>epiniDnB, 
placed out of doora or in a refrigerator immediately after molding, remaining frozen until tested. 

Testing; Each result renreseuts tests on 4-iii. cubes. tSpueiniens were embedded in blotting 
papier on a spherical bearing block. 


Per Cent i 
Salt. 

Specimens Clhed at Uoom 

Temp. 

1 Seiai.MENs CuiiKi* at Ldw 

Temp. 

CaClj 

NnCl. 

Temp, nf 
Hatrh 
at Mixing. 

“ 1\ 

Cninjirrs.Hive Slreiigl h in I.b. 
puT Sij.ln. ul 

j Tcriiri. (in at 

1 Mixing. 

Cumpreaaive 
Slri’iigtb in Lb. 
per Sii.ln. at 

14 Day.s. 

lib Days. 

:Uin Diivs 

Jkilrb. 

i 

riiil nf 
Diiors. 

If 

D.-iy.^. 

lit) 

Days 

0 

0 

52 

1910 

3010 

35S0 

52 

1 

13 

213 

427 

0 

() 

52 

1081 

2020 

2895 

51 

13 

4^2 

itS5 

0 

D 

05 

\r)2r> 

2385 

3055 

51 

13 

lisn 

942 

0 

12 

68 

1270 

2000 

24 S5 

51 

.3 

813 

1192 

0 

15 

58 

1335 

2220 

2740 

i 

42 

13 

(ill 

1060 

2 

0 

59 

1920 

3220 

3710 

41 

17 

420 

406 

4 

0 

GO 

2105 

3510 

3S.S0 

44 

17 

144 

a504 

6 

0 

GO 

1725 

3280 

3li70 

55 

IS 

349* 

:in7* 

8 

0 

Gl 

1510 

3070 

3155 

40 

1 

2,S(i» 


10 

0 

G1 

1055 

3025 

3330 

40 

1 

234 ♦ 

ais* 

2 

G 

59 

1000 

2(i50 

3150 

52 

15 

817 

992 

2 

!) 

03 

1095 

2590 

OHIO 

52 

15 

848 

1185 

2 

12 

G4 

M20 

2440 

2805 

41 

7 

090 

1045 

2 

15 

GO 

1320 

2350 

2725 

38 

7 

583 

801 

4 

6 

50 

1085 

2550 

29(i0 

52 

21 

785 

914 

4 

n 

58 

1550 

2390 

29li5 

51 

20 

755 

920 

4 

12 

5S 

1710 

2935 

30S0 

45 

15 

70li 

1215 

4 

15 

55 

1245 

1880 

2410 

45 

15 

713 

1200 

6 

n 

GO 

1310 

2475 

2575 

43 

20 

(iSO 

988 

6 

9 

54 

1305 

2370 

3025 

3S 

20 

480 

850 

6 

12 

54 

1345 

2420 


52 

21 

505 

015 

6 

15 

52 

1380 

2415 


52 

21 

527 

863 

8 

G 

GO 

1120 

2075 

2190 

51 

21 

390 

580t 

8 

9 

58 

1135 

2085 

2445 

50 

30 

487 

054 

8 

12 

60 

1110 

1995 

2525 

52 

30 

402 

589 

8 

15 

59 

1550 

2005 

2940 

44 

14 

535 

658t 


• Badly disintegrated, 
t Edges were Bi>alicd to some extent. 
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642. The Effect of Adulterants in Lowering the Freezing Point.— 

Small percentages of salt or calcium chloride dissolved in the mixing 
water serve to lower the freezing point of the mix and thereby permit 
hardening at temperatures lower than 32° F. With some cements the 
use of small percentages of salt appears to diminish the strength; with 
others the reverse is true. So far as published results show, the use of a 

10 or 12 per cent (by weight) solution of common salt has rarely decreased 
the long-time strength over 25 or 30 per cent, and in most cases the weak¬ 
ening in final strength is much less. The use of salt in reinforced concrete 
should be prohibitefl, since in damp locations it may cause rusting of the 
steel. A coinmoii rule for the use of salt is: Add 1 per cent of salt to the 
mixing water for eacli degree Fahrenheit below 32. 

Tests by H. K. I^ulver and S. E. Johnson * at the University of Wis¬ 
consin, on the effects of calcium and sodium chloride solutions on the 
strength of 1:2: 4 concrete subjected to freezing conditions, are abstracted 
in Tal)le 14. The combination of 2 per cent calcium chloride with 9 per 
cent iSOilium chloride gave the best resvdts of any of the salt solutions 
under freezing temperatures. Since calcium chloride alone greatly hastens 
the set, its employment in the field will require very rapid handling during 
pouring. 

643. Resistance of Concrete and Mortar to High Temperatures.— 

Observations after conflagrations like the San Francisco, Baltimore, and 
Chelsea fires have shown that concrete possesses a high resistance to fire. 
Many examples liave been cited of concrete buildings which were left 
standing alone in fire-swept areas of these cities. 

A series of 215 tests on concrete-block walls 5^ by 6 ft. and of 4, 8, and 
12 in. tliickness were made at the Portland Cement Assoc. Laboratory and 
reported by C. A. Menzel in Proc. A.S,T.M., V[)l. 31, Pt. 1, p. 607, and 
Proc. ilm. (7o7tc. Imi., Vol. 29, p. 113. Excepting tlie size of wall, the fire 
tests on 165 of the walls were made in accordance with the requirements 
of Teni. American Standard A2-1926. The program included 9 types of 
aggregate and variables in grading, cement content, type of block, mortar, 
workmanship, and use of plaster. 

Machine-tamped units were moist-cured 5 days, tlien aged 2 weeks in 
laboratory until laid. In most of the tests a 1 Portland cement : 0.15 
hydrated lime : 3 sand mix, by dry rodded volume, was used. The walls 
were tested at ages of 45 to 60 days. Walls were first loaded to 240 Ib./in.^ 
of gross area and measurements of deformations and deflections taken. 
During the fire test the walls were exposed on one face and loaded with 
80 Ib./in.^ on gross area. In most tests the fire exposure extended for 

11 hr. for 4-in. walls, 3 to 3.j hr. for 8-in,, and 5 to 61 hr. for 12-in. walls. 
Measurements were made of both furnace and block temperatures by 33 

* Concrete Cement Age, Vol. 3, p. 256. 
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thermocouples and 9 thermometers. Tlie average temperatures of the 
furnace after 1, 3 hr., and 6 hr. approximated 1540, 1700, 1920, and 
2140° F. 

Since only one wall failed under load during the fire test, the evaluation 
of performance was based on the time required for tlie av'crage temperature 
on the unexposed face to exceed by 250° F. its initial temperature, or the 
maximum at any point to exceed the initial value by 325° F. After the 
fire exposure, the walls cooled unrler the load of 80 Ib./in.- for 24 hr. and 
were then progressively loaded to failure. 

In one scries of Menzel’s tests the cement content was held at 4.3 lb. 
per block, and the grading of the aggregate was changed so that values 

TABLE 35.—FTRE ENDXH1.4NCE AND KTiUONtn’II OF WALLS 
DIFFERENT CIOMENT CONTENTS. (Mii.NzsL) 


Wiill.s R in. ihick ruudi' with .Vnviil-cnrr lilocks. 

DetSiTiptiiiiis of aKproiiiilos isod an* givi-ri in noli's jitToiniKinyiiii; Talile Hi. 


Fin fill R.SS 
Modulus 

Mix by 

V Illume 

(\Miiciit nontenl 

.Average 
WeighL of 
Air-Dry 
Block, 

lb. 

I’in* 

Liidurann' 

I'RriiHi, 

iiiiriutc3 

r’lliiiiiilc SIri'iigth. 

lb. plT .Sl|. 1., 

tjro.s.s AriM 

Biitii) [tf 
iViil! Strength 
til Original 
Strength 
nf I'riit, 

IHT eeiit 

Blnrk 
per Sack 

Lb. piT 
Block 

MIoi k Bf- 
fore Firi! 

lC.\pi>.sure. 

Wall Afl,.T 
l''iri' |']xpii.siiri' 
ludieuU'il 

(’AliFAKEDI S ,'^ANP .iNO (IllAVEL AiUJHEUATKH 

4 .50 

1 : 14 0 

40 (1 

2 3.5 

4(i 4 

13.3 

020 

270 Cl hr.l 

21) 

<1 .5n 

1 : 11 () 

:i(i n 

3 13 

48.5 

13.5 

11IWI 

;il0 13 hr.) 

27 

4 .50 

1:7.0 

1!).0 

4.0.5 

.51.1 

142 

2410 

5li0 Ci hr.) 

2:1 

■J ,50 

1 : .5 (1 

14.3 

6 .5.S 

.51 0 

140 

2300 

.550 (3 hr.) 

24 

4 .50 

1 : 1 0 

11 1 

8.4.5 

.52.4 

1,51 

33.50 

(115 Cl hr.) 

IH 

4..51J 

1 ; :i .o 

!i :i 

10.10 

.52.4 

Ili2 

3550 

75(1 (3 hr.) 

21 



SiLII’ElH’S S^NO A.SO (III 

VEL \(iliUEl 

ATE “A" 



4 2;) 

1 . 14 0 

3H..5 

2 41 

41.5 

(1 

725 

a 

ri 

4 2.5 

1 : 7..5 

21.2 

4 42 

4(1 4 

IIH 

1810 

480 (3 hr.) 

2(1 

4.25 

1 : 3.0 

0.3 

10.10 

40. G 

137 

407.5 

S,55 Cl hr.) 

21 


11 WHITE AooitEfUTE 


3.2,5 

1 :10.0 

20.1 

3 23 

2(1 S 

100 

75(1 

2511 

br.) 

.34 

3 26 

1 : 8.0 

23 11 

3, OH 

27.8 

174 

1000 

415 C 

1 or.i 

14 

3.25 

1 : 7.0 

21 1 

4.4,5 

28.2 

178 

J120 

358 C 

i lir.l 

32 

3.2.5 

1 : 5.0 

15.3 

0.15 

30 0 

104 

1.575 

.580 Cl 

i;. l-r.) 

37 

3.25 

1 : 3.0 

0.8 

0.00 

32 .8 

U‘l| 

2101) 

771) (4 hr.i 

37 


“ Thin Willi failpil at IKi minutes of tirf exposiiri: uiiiler the wurkiriK load of NO Ih. jH-r .sfj. in. of g;rii,s.s ari'ii and wa.s with¬ 
drawn finin the furnairn at !I4 minntiAs. |{l■:l■liIlgs of teiiirH’mtures nn the iiiiexfioKiul snrfuni*. which were r-ontiinifirj iioliojitod 
that an avrraKP ri.se of F. wiLS attaineil a1 114 nuinilTs and the niaximiini rise nf y.2!)’' I', at 122 iniiMiti-.s. Had tlio 
cxyMisure to fire he.iMi rniitiiiui’il for alniiit 20 mLrniU*s hmeer, il i.s p.stimnted tluit lliu average tem|MTiituri; ri.si> of 2,50'’ 1’. 
woidd liavo liceii ulUiiiied about fi miiiuLcti earlier or at JOO uiiiiuleii. 

of tlie fineness inodulus (//?) ranged froiii 2.0 to 4.75. Results showed a 
marked increase in strength of both units anrl walls after fire as rn was 
raised up to the values shown in Table 15. On the othiT hand the fire- 
endurance period was about 15 jx^r cent longer for the blocks containing 
the most fine material. The data in Table 15 show that there is an increase 
in endurance period, strength of unit, and wall after exposure with increase 
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in cement content, although it does not appear that more than 4.5 to 5 lb. 
of cement per block of the type tested would be effectively used. Table 
16 presents data showing the relative endurance of walls made of various 
aggregates. The fire endurance expressed in minutes per pound per square 
foot of wall surface shows the advantages of the lighter-weight materials 
based on fire resistance. On the other hand, as evidenced by data in 
Table 15, in order to produce a given wall strength a higher cement content 
must be used with the lighter-weight aggregates. 

The increased strength obtained by bedding both face shells and trans¬ 
verse webs in mortar as compared to bedding face shells alone is well 


TABLE IG.-INFLUENCE OF AGGREGATE ON FIRE RESISTANCE OF WALLS. 

(Menzel) 


WallH H in. lliick nuidii wilb 3-rjval-rnrc bloiik. 

Dnscription of ... 

tSi/icpou* iSond and (iratd (B): A li'mlily Hiliccniis ae^rBRati' (8 .t per cp.nt silir.a in frirm rif iiuariz) rniitaminE vp-ry liltlo 
caicanioufl rruitprial. Partiolca range from rngular t») irregular in sliaiw but gRncrally with WRll-rDunJetl ijilgts and 
hard Hninoth Biirfar.M. 

»Si/irf.'oiA« Sand and flrawl (A): A .Hninp.wliat mnrp, silicp.rtuK aggrp-gatf than aggrr.gatn (B) (H5 i)er i'.p,nt silica in fiirjn nf 
flint and chert). BarLiclpjj very irregular with both nharp and slightly rt>unrleil pilgcs and both polished and pitted 
HurfaCM. 

Calcarr.nm Sand and Grnvd: \ Lypiral calcarRuiis aggregate coiitaiiiiiig abiml ID per calinum cartMinatc, .ID per cent 
magnesium carlMuiatc, anil leas than 15 per cent quartz. 1'artielc.s range from regular to irregular in sbaix'. but gen- 
Erafiy with well-nnintlwl edgivs. .Surfaces varied fruin smooth, slipiM-ry texture to a rough iMirous jhtteil typi* with 
ncilhpT tyiM.^ prednminaling. 

Crwihrd ijmi'Slonc.: Typical of cnusheil calcareoii.^^ stonr of doliiinitic variety containing roughly 5D ikt cent of calcium 
carlKinate, 30 cent iruigni..‘^iuiii carlioimtc, and with li«w tlian 5 per ciuit quartz. Partieles very irregular in shape 
with slightly rmindcd .sliarp erlgcs. .Surfaces were .sninewluit slippery to the touch and slightly [)oriiii.s. 

CrMthrd Cimnon Urii'k: Typirul of the liin^ and cnarsp low fusing norous burned clay aggregate produced by crushing 
coinninn brick. ParlicliiS very irregular in sharH* with sharp rmigli edge-s and rough pitied Hurfaces. 

Vrunhad Firf lirirk: Typical of thi- line and cnarse highly refractory porous burned clay aggregate priMlucetl by crushing 
brukun pied's of lire brick and oLlicr sliaiws nf .similar rcfraclury iiuiterial. rarliclcs very irregular in shaiH; with very 
rough erlgCH and rlirply pitted exeersliiigly rough surface.s. 

Ilajjditr: A liglit, porous, aggregale mat erial prepiiriMl by burning .shale to incipient fusion and crushing and grading the 
rwulting clinker. Particle.s irregular in .shaixi with slightly roundml sharp) edgw< and slightly rough pxiroiLs and piitted 
surfaces. Ijnlest) ulherwise. noteil the llayrJilc aggregate used in this and other groiipis nf tests came from the same 
RuuriT. 

Air-Vonli'd fUiint fiiriirirr Slug: Typical of the slag discharged from bla.st furnace and brought from the molten to solid 
form by cooling in air. 

Soft Coni (Uiidrrs: Typical nf tlie ponms clinkernus ash resulting from the high ti’iiipMTature eombustion of soft coal in 
the modern pmwer plant. It contained alxmt I- pter cent nf roinbustible iiiatpcrial priiici|Killy in the form of coke and 
to a ininnr extent as soft rniil. rarticles irregular in Hhape with l)«)lh .sharp and well-rounder I i*ilge.s and lioth glossy 
anti rough patteil |wiriin.s surfaces. 

Toitr Srrczf: This inulerinl conslst.s of aenn'oingfi ranging from dust to J in. of the highly ixirous piroducL commonly used 
as fuel known as citke. It crinsisi.s almost entirely of cnrfMui (ash 12 to 14 i>cr cent) aiifi is the product remaining after 
the hytlrncarlMin gases have U'en distilled from soft coal in the luaiiiiracturR nf gas. Partides irregular in sluipN; with 
Hlightly rounded sharp edgcii and rough tlia’.ply pitU-d exceeiUiigly iH)rou.s surfacca. 


Agpregalc 


Mix by 

Cement Con lent 

.Ax erage .Air-r>rv 
Weight, lb. ‘ 

Fire FiiiduraiiPc 
Period, minutes 




V olume 







Type 

Finene.ss 

Modulu.'^ 

I'nit Weight, 
lb. per cu. ft.® 


IV.ocks 
|)er Sack 

Lb. per 
Block 

Per 

Block 

Per sq. ft. 
of Wall 

Wall 

Per lb. 

|KT sq. ft. 
uf Wall 

nnke Breeze. 

3 50 

40 

1 : 7..5 

21 2 

4 44 

23 5 

20 0 

110 

3.79 

SilioEOus Gravid A. 

3..'\n 

115 

I 1 7 5 

21 8 

4.31) 

4.5 2 

53 2 

124 

2 33 

Siliceous Gravel B. 

3.70 

113 

1 : H .3 

M2 5 

4 IS 

46 7 

54 0 

129 

2.35 

f'rusheil Fire Bnek. 

3 .'ill 

01 

1 ; 7.5 

21 0 

4 20 

36.8 

43 8 

145 

3.21 

rnlcareous Gravel . 

3 5(1 

120 

1 : 7 8 

22.4 

4 20 

46 6 

.54 8 

1,50 

2.74 

GruBho d 1 .i mes Uni e. 

3 .50 

120 

1:78 

21 7 

4 33 

40 0 

57 4 

158 

2.75 

.Soft Pnal I'inden. 

3 25 

70 

1 : 7.0 

20.6 

4 .56 

33 9 

40 6 

163 

4 01 

Haydite. 

.3.50 

B7 

1 : 7.0 

21 2 

4.43 

27.6 

33.5 

168 

5.01 

Crushed Common Brick 

3. .50 

77 

1 : 7.5 

21 6 

4 .16 

32.3 

.38.8 

175 

4 51 

Air-Cooled Slag . 

3.50 

102 

1 :7-5 

22.0 

4 25 

41 1 

4S.7 

103 

3.96 


" Based on dry ruddl'd f) to 2-in. aggregate giadiHl (o Hneneas modulus indicated. 
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shown in Table 17 from Menzers tests. His tests showed that a half inch 
of gypsum plaster applied to either face of an 8-iii. bl'jck wall increased 
the fire-endurance period 30 per cent. If applierl to both faces, the 
increase was 60 per cent. Plaster also increased ai)preeiably the wall 
strength after fire exposure. Tests of units of vanf)us designs indicated 
that the length of the firo-endurance pc^riod Avas closely related to the 
weight per square foot of wall surface. An increase of 50 per cent in that 
W'eiglit doubled the fire-cmdurance period. Tliere was little effect on wall 
strength after exposure to fire, owing to the presence of coke and coal in 
soft coal cinders up to 33 per cent by weight of the cinders. Filling the 

TABLE 17.—STRENGTH OF WALLS LAID UP WITH DIFFEREN 1 rVPES 

OF IMOirrAR JOINTS 

niock units niadp. frnm agiirniErif p Ki uilrd from (I t ii 2 iti. Hnd from riiixps rriiminK frmn 1 : .1 l,u 1 : 14 
liy volunip Ilf ccniPiit fo dry l uiidt'd ^ol^mll* i*f iikkipkjiI c. VN uIIn loiii uji \villi 1 :d eortliiiid PPincnt 
inorlar plus If) pLir cpiil liydnifpil lime l»y volume of eeiiieiit. 


Typi* of 

N1orlur 
lUul ('mi¬ 
st I'll i‘ti on 

Applifiitimi 
of Mm lai 
ill. JIiinzuiil:il 
.) Dili Is 

'r.vpi’ of 
.\n>ri eKule 

l{:i(iii af VS all Slrenirtli .'irtcr 
Fin; Expnsni i; liidieuUMl tn 
Oriiidnal SlmiActli of I'nit, 
I*ei t’enl. 

I inpri'Vf'jnnii 1 in Wall Strength 
^^il)l Full Mnrlin Heddiiig 
ijiei Far’e Sheli l^edding, 

Per ( eiiL 

hefme Fire 

Afiei Fin; 

Heflin* I'iri* 

Afler Firu 

1 Fan* 

1 Fan? 

flay ilile 

r»r» 

30 (.31 III.) 



\ Shi‘11 

1 SliC'lls 

('al 

.'l.D 

'JS (3 hr.) 



1 npilrlirig 

\ Only 

SilifPDus 

'».”l 

112 (3 hr.) 



( Full 

1 Fiin! Shf*lls 

Haydite 

70 

'10 (31 hr.) 

27 

an 

\ IfeildiiiK 

•J and 'I'rans- 

Cnlnneuus 

70 

43 (3 hr.) 

27 

.^i3 


1 versi? Wells 

Silieemis 

70 

30 (3 111.) 

It 

04 


cells of the units with sand, Haydite, or granulated slag increased the 
fire-endurance period 2\ times. 

Menzel’s tests demonstrate that the expansion in the 6-ft. height of 
walls averageil ^ to } in. for w'alls made with cinders, blast furnace, slag, 
coke breeze, brick, and Haydite; to 2 in. for walls with limestone, 
calcareous sand, and gravel; ami A to A in. for walls with highly siliceous 
sand and gravel. They all bowed towards the fire and were thus eccen¬ 
trically loaded during the test to destruction. The moduli of elasticity 
for the walls prior to test ranged from 200,000 to 750,000 Ib./in.^; after 
exposure, from 100,000 to 300,000 Ih./in.- on gross area. For 8-in. walls 
the modulus after exposure was alxjut 40 per cent of the initial value. 
The high strengths of these w^alls after the fire test are heartening evidence 
of the resistance of this tyiK* of construction to fire. The linear relation 
of the strength of walls after exposure to strength of unit is also a most 
important contribution. 

In the foregoing tests it should be noted that only the exposed face 
shell of the units became heated to 1000° F. Tests by 1. H. Woolson 
(Proc. A.S.T.M.y Vol. 5, p. 335, and Vol. 7, p. 404j on 4-in. cubes of 
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TABLE 18. -I,INEAR COEFFICIENT OF EXPANSION OF CONCRETE AND 
MORTAR AT NORMAL TEMPERATURES 


Mix. 

ARnriiKate. 

Coeffinifin 1 
per ®F. 

Autliorily. 

Reftrerire. 

] : 0 

1 ; 2 

Fit grilVOl 

. 000(K)70 
. o(X)f)()5n 

Keller 

Keller 

I'fmimrz't'g, No. 24, 

1 : 4 

Fit Knivdl 

.(KK)tK)58 

Keller 

1904 

1 : 8 

Fit grjivr'I 

.0000053 

Keller 


1:2:4 

S.iiiil ami limf?.sionR 

. (X)00055 

Fenee 

. Jmir. W. S. E., Vol. 6, 

1:2:4 

Sami uml jujemvO 

. 0(X)(K)54 

Pence 

p. 549 

1 :4{ 

Quartz 

. OOOOtXH) 



1 :41 

1 : 41 

vSamlsiijm*. 

0 ravel 

. (KK)(XKi5 
. OOOtKHiO 

Davis 

ami 

Trn.xell 

Prnc. Am. Conr. Inst.^ 

1 : 41 

G rani to 

.0(K)0053 

Vnl. 20, ]). 438 

1 : 41 

Basalt 

. (K)(KK)4S 


1 : 41 

Liriii‘st(iiii‘ 

. (K)(KH)3S 




TABLE in.—TUI'; spiccific heat of concrete. 


(Ndhton) 


ICrilki' of Ti’iiiii. ” F. 

1 : Li : r» iSioiii' Con- 
•TCtl*. 

1:2:4 Stniu* Coii- 
rrrti;. 

1:2:4 HiuJur Cun- 

72 U) 212 

0.150 

0.154 


72 In 372 

0. 192 

0.190 

0.180 

72 to 1172 

0.201 

0.210 

0.20() 

72 to 1 172 

0.21!) 

0.214 

0.218 


TAliM': 20.- T[Ii: rOVATlClV^T OF THERMAL CONDUCTIVITY OF CON- 


CVRI:TE. (Norton) 


'ri'iiipiTiil iin* 

III ii 

c 

nl lliil. iSiili' 

J )i-nri'FS. 

V. 

Mixture. 

C’oi’nieipnt in (.'iiluriivs 
per 1 Dpr. C. piT S(|.Cni. 
per Cm. jilt See. 

Coellieienl In 

n.'r. C . per 1 

Df R. 1'. per 

Si], Fl, per In. 
Thiek per 24 Hr. 

35 

95 

Si one 1 

2 : 5 

0.00211) 

1.50 

50 

122 

Slone 1 

2 : 4 





not tainpeil 

0 00110 to 0.00100 

70 to 114 

50 

122 1 

(’imlcT 1 

: 2 : 4 

0 f)0081 

56 

200 

392 ' 

Slone 1 

2 ; 4 

0 0021 

146 

400 

752 

Stone 1 

2 : 4 

0.0022 

153 

500 

932 

Slone 1 

2 : 4 

0 0023 

100 

1(M)0 

1S32 

Slone 1 

2 : 4 

0 0027 

188 

1100 

2012 

Slone 1 

2 : 4 

0.0029 

I 202 
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1:2:4 concrete showed that limestone concrete heated throughout to a 
temperature of 1250° F. lost half its strength and that trap rock concrete 
was so injured at a temperature of 1700'’ F. Woolson's tests showed that 
the modulus of elasticity of concrete of either trap ruck or limestone was 
reduced 60 per cent by heating to 500° F. At 1500° F. the modulus was 
only a tenth of the normal value, 

644. The Coefficient of Expansion of Concrete and Mortar. —Table 18 
contains values of the linear coefficient of thermal expansion of concrete 
for atmospheric ranges of temperature. The coefficient for concrete 
approximates the weighted mean of the coefficients of the neat remeiit 
and aggregates. An average for common mixes is 0.0000055 per °F. 

546. Other Thermal Properties. —Tests by C. L. Norton * on the 
specific heat of various mixtures of concrete gave iJie results in liable 19. 
In these tests he employed llegnault’s method of mixiures, using an ordi¬ 
nary double calorimeter. 

Norton also determined the coefficient of thermal conductivity {K) 
for concrete. 

j. ^ _Or? 

{ti - i2)Aii 

in which Q = the quantity of heat flowing through a plate whose area 
= A and thickness = d, s is the time of flow, and li and to the temperatures 
on the hotter and cooler sides of the plate, respectively. His results for 
A'arious types of concrete appear in Table 20. It will be noted that the 
conductivity of cinder concrete is only about 40 per cent that of stone 
concrete. 

Although concrete is siq^erior to the metals and natural stones, it 
must not be considered a first-class insulating material. At room tem¬ 
peratures it is greatly surpassed as a heat insulator l)y aHl)estos, mill 
shavings, powdered magnesia, mineral wool, hair felt, pulverized cork, 
and hair cloth; and at high temperatures it is inferior to such substances 
as asbestos, infust)rial earth, and powdered magnesia, ddie protective 
value of concrete lies in a high resistance to fire coupled with a fairly 
low conductivity and high strength. 

Woolson also determined the rate of flow of heat into different classes 
of concrete when the exposed face of the block was subjected to a tem¬ 
perature of 1500° F. His measurements were madtj by Le Chatelier 
pyrometers placed at distances of 2, 3, 4, 5, 6, and 7 in. from the exposed 
faces of rectangular prisms 8 in. deep and 7J X 13| in. in elevation. After 
one hour at the above temperature the records obtained on single specimens 
of 1:2:5 cinder, 1:2:4 gravel, and 1:2:4 trap rock concrete are 
shown in Fig. 26. 

• Proc. Nat. Aaso. Cement Users, Vol. 7, p. 78. 
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In certain tests WooLson embedded J-in. bars in the axes of 8X8X36-in. 
concrete blocks. These blocks were of similar proportions and ingredients 
to those mentioned above. The bars were cut longer than the blocks and 



Fui. 20.— The Tlu'rmal Conductivity of Concrete. (WooLson, Proc. A.S.T.M.f 

Vol. 7, p. 40t).) 


projected from either 8 X 8-in. face. One 8 X 8-in. face was gradually 
heated to 1700° F. and measurements of the temperature at different 
points along the bar were made. After one hour at the above temperature 
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a point on a bar 2 in. from the exposed face of the prism Iniil a tempera¬ 
ture of only 700° to 1000° F.; a point 5 in. from the surface reached 4 tK)° F. 
to 500° F.; while a point 8 in. from the surface attained the temperature 
of boiling water. These tests and others indicate that 2 in. of good con¬ 
crete affords ample protection to eml>edded steel against fire. 

In the previously mentioned tests conducted by Humphrey, the maxi¬ 
mum temperature at the outside surface of the 8 -in. walls, made of c'.)ncrete 
beams, varied from 58° C. for the granite to 43 ° t'. for the cinder concrete. 
This was obtained after the inside temperature had l)een held at 800- 
1000 ° C. for about one and one-half hours.* 

A few experiments j on hollow concrete cylinders 36 in. inside diameter, 
36 in. high and 6 to 8 in. tliick, showed that the temperature gradient 
through the walls approximated a straight line after the internal tem¬ 
perature had been maintained constant at 700° ainl tlie outsiile at room 
temperature for a couple of days. A 1:2: 4 concrete made of limestone 
was used. 


THE DURABILITY OF CONCRETE 

646. Effect of Sea Water. —Altlumgh no masonry material has been 
dcvolopeal which is permanent when suhjecled to sea water in our northern 
latitudes, concrete can be made relatively durable under such exposure. 
The relative resistances of various types of cement to the attack of s(!a 
water have l)een coirsidered in Art. 362. In marine concrete, durable 
materials must be used and dense smooth hard surfaces secured. Segre¬ 
gation and laitance shouhLbe avoided t)y using projierly graded aggregates 
and by prohibiting slopp> or non-placealile mixtures. For cxjiosed sur¬ 
faces, a water cemeut-ratio not more tlian 0 . 8 , by vol., is suggested. 

In 1896 the Sr)ciety of Scandinavian Portland (Jement Manufacturers 
subjected 3500 2 . 8 -in. mortar cubes and over 100 blocks [)f concrete, each 
a cubic yard in volume, to the action of the sea. Proportions of mortars 
were neat, 1:1, 1 : 2 , and 1 : 3, of concrete 1 : 1 ; 2 ^, 1:2:4, and 
1 : 3 : 5 J. Specimens were cured in fresh water and tlien immersed in 
5 different localities where the severity of action and concentration of salt 
varied widely. Some specimens were always submerged; others at mid¬ 
tide only. From Poulscm’s report after 10 years (Proc. 1 .A.T.M 5th 
Congress, XI 4 , the following conclusions are drawn: 

1 . (3iemical action of sea water alone does not cause destruction of 
Portland cement mortars and concretes. 

• For thp nalrulation of Iho niip of flow of heiit into poiicrotp and other materials 
reforenee may be made to Inger.sull and Zoehel’s The Maltiematiral Theory of Heat 
CoTuluctionf wilh Engineering arul Geological Applicaiions; Lilso Engr. News^ Vol. 70^ 
p. 806. 

t Thesis by Melin and Pulver, LTnivergity of Wiaconsiu. ^010. 
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2. Climatic conditions, principally the mechanical action of the tides 
and frost, are chiefly responsible for the disintegration of concrete and 
mortar mixtures in sea water. The hydraulic lime from Teil was especially 
adversfjly affected by the midtide treatment at Vardo. 

3. Mixtures containing mortars leaner than 1 : 2 should not be used 
in maritime construction. 

4. From the tests on graded mixtures, sands for marine concrete should 
contain from | to f of particles passing a No. 30 sieve. 

A valuable set of experiments on the effect of sea water on concrete 
was begun in 1909 by the Al)crthaw Construction C"ompany of Boston. 
Twenty-four piers 16 ft. X 16 in. X 16 in. are suspemled from a wharf in 
Boston harbor so that both the effect of continued sulnnergence below low 
water and the action of the tides can be oljserved. Crushed trap rock, 
98.25 per cent of which was bet ween l.^ aiul \ in. jliameter, and a good bank 
sand, 52 per cent of which passed a No. 30 sieve, were the aggregates. 
Pfirtland cements of high, medium, and low alumina contents, iron ore 
cement, and slag rt)rtlaiid cement were used. One pier of 1:3:6 pro¬ 
portions w^as mafic with 10 per cent of the cement replaced by hydrated 
lime, another with 5 i)er cent of pulverized clay, ami, in a third, water¬ 
proofing with a soap and alum solution was trif^d. The mixes were 1:1: 2, 
1 : 2^ : 4^, and 1 : 3 : 6. Most of the concrete was of quaking con¬ 
sistency, although wet and dry mixes were also made. The specimens 
were well curefi before submergencf^. After elevcJi years a careful cxamiiia- 
tiuii of the j)iers indicated; 

1, In tin*, untreated specimens which were eroded on the surface 
most of Ihe iictioii occurred between the higli and low watermarks; 

2, the erosion in such cases was most pronounced on tlie faces and 
sides of (he specimens; 

3, evidence of the sup(*riority of any one type of rortland cement is 
not furnished by an eleven-year ex[)osure; 

4, mixes containing liydrated lime or soaj) and alum were badly 
attacked tiiroiighout their sulnnerged length, the pulverized clay mix 
W’as in fidr coiulition; 

5, 1:3: 6 mixes are too lean even when very well mixed and of 
proper consistency; 

6, a wet or a quaking consistency is much superior to a dry con- 
sislency, the 1:1:2 mixtures of wet consistency having withstood the 
attack very well (see Engr. Rveoni, V'ol. 69, p. 344). 

l<]vidences of chemical attack of the Baltic Sea on the cement in large 
rublde concrete Idocks of 1 : 2^ : 7 proportions were reported by W. Czar- 
nowski in /Var. 6th Congress, X\TIi. Although the alumina 

contents of the cements were normal, 6^ per cent, aiialj^ses of material 
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from the interior of the blocks after 11 years’ exposure showed that a 
liberation of lime from the ceiiient and an absorption of magnesia and 
sulphur trioxide had taken place. 

Messrs. II. J. Wig and L. H. Ferguson wrote a valuable report based on 
examination of many structures situated along the coasts of continental 
United States (see Engr. Ncwfi-Recordy VoL 79, pp. 5^12, 041, 089, 737, and 
794). Their investigations may be summarized as follows: 

1. W^ell-made plain ooncrtd.e is durable in sea water provided it is 
properly placed and protected from erosion and abrasifjn. Plain concrete 
structures in northern latitudes are exposed to niucli more severe conditions 
than those built on the southern coasts. 

2. The aggregate should l)e composed of tough particles so graihal as to 
produce a hard, dense concrete. iMumgh water should be used to produce 
a placeable mix. lOxcess water is very harmful. Sea rvatt'r can be used in 
gauging plain concrete, but should not be useii when the work is reifi- 
forced and exposed to tlie air. In placing, great care must be taken to 
make the forms tight. 8eams and j)orous sj)ots must I'C avoided. If 
subjected to erosion or abrtision, surfaces al>ove the low-water line must 
be protected. W^alls and jhers may be faced with stmie. Piles may be 
protected l)y wooden fenders. 

3. Reinforced concrete, when used above mean-tide levad, is likely to 
disintegrate through corrosion of tlie reinforcement uidess the latter is 
galvaniKPd or protectetl by a consideral)ly tlucker shell of concrete than is 
now the current practice, (/orrosion of reinforcement proceetls more 
rapidly in structures of the southern coasts than in those fartlier north 
where the water is colder. 

647. Effect of Alkali Water. —In regions where alkali is present in the 
soil and ground waters, trouble has been experienced due to the disinte¬ 
gration of concrete and masonry structures. Waters running tlirt)ugh such 
soil may contain as much as 1 pc:r cent, of alkali salts, the most destructive 
of which are the sulphates of magnesium ami sodium, and the carbonate 
of sodium. Examinations of structures show that the most pronounced 
action occurs in portions of the masonry which are subjected to alternate 
whetting by the alkali solutif)ns and drying by the air. Lalioratory tests 
have shown that alkali salt crystals, wdiich form very sh)wly, if at all, dur¬ 
ing the period of iiiimersion, grt)W rapidly wlien the degree of saturation 
of the solution is increasetl by desiccatif>n, ami cause stress in the sur¬ 
rounding structure. If such crystals find lorlgment in the surface of a 
porous substance, their expansion will break off i)ortions ot tlie material 
and gradually cause disintegration. When concrete or mortar is continu¬ 
ously submerged in alkali water the action is not marked. 

Experiments have sliowui (see Art. 362) that certain cements, 
high in silica and low^ in make concrete more resistant to alkali 
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attack than others. Such cements in rich dense mixes should be used 
in alkali regions. When concrete conduits are used for alkali waters 
precautions must be taken both in placing and curing to secure a dense hard 
surface. If the concentration of alkali salts in the water is greater than 0.1 
per cent, protective fabric coatings should be used, or suitable underdrain¬ 
age should be provided to carry the alkali water away from the structure. 

Many examples of the destructive action of alkali waters are cited in 
Bulletin No. 09, of Montana Agricultural College; Bulletin No. 132, of 
Colorado State Agricultural College, Trans. A.S.C.E.^ Vol. 67, p. 572; 
Technologic Papers No. 12, 44, 95, 217, and 307, IJ. S. Bureau of Standards; 
also Bullelin No. 89, I'uigr. Kxpt. Sta., Ames, Iowa. 

B48. The Effect of Sewage on Concrete.—Whether concrete or mortar 
can 1x3 used in sewer constructions is dependent upon the character of the 
sewage. There are concrete sewers which have been in successful operation 
for many years, but there are also publislied accounts of others which 
have failed. If the sewage is of such nature that a strong odor of hydrogen 
sulphide is evolved, sulphuric acid will be formed with sufficient strength 
to attack the lime compounds of the concrete and produce disintegration. 

Messrs. Barr and Buchanan * assert that the hydrogen sulphide is 
formetl l>oth by the Ijjicterial tlecoinposition of the sulphur containing 
proteins, and related compounds, and by the reduction of sulphates in the 
water supply. They found that tiie escaping hydrogen sulphide which is 
dissolved by the moisture on tlie walls a))ove the sewage is oxidized, not 
alone by the air, but also by bacterial action. Examinations of septic 
tanks by these investigators showed that a soluble sulphur (SO 4 ) content in 
the raw sewage eijual to 427 parts per million was sufficient to produce 
disintegration in a cunorele dosing chamber. The disintegration of con¬ 
crete sewers due to the above action always takes place above the water 
level. In the septic tanks investigated the action was particularly notice¬ 
able on the insides of the roofs. (See also Engr. Rec., Yol. 61, p. 633.) 

Acid effluents from pickling baths, wastes from creameries, or other acid 
wastes should not be discharged into concrete sewers until effectively 
diluted. Tor an example of the destructive action of pickling acid, see 
H. C. Webster’s report on failure of the 29th St. Sewer in Milwaukee, 
Wisconsin. 

649. Electrolysis of Concrete.—The disintegrations of certain rein¬ 
forced concrete structures have apparently been due to electrolytic action 
of stray currents from neighboring power circuits. Studies of such action 
have been made by a miinber of investigators all of whom report that, 
under certain conditions, the integrity of a structure may be endangered. 
Probably the mnst exhaustive study of electrolysis in concrete has bcei'. 
made by the IJ. S. Bureau of Standards; its report is rendered in Tech- 
* Bulltlifi No. 26, Iowa State College. 
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rwlogic Paper No. 18, by Rosa, McCiillum and Peters. In these experi¬ 
ments over four hundred specimens of the type shown in Fig. 27 were 
tested under voltages var 3 dng from 0 to 70. 

The test-pieces were made of 1 : 2 J : 4 concrete f -7 

of Portland cement, sand, and broken stone. -t-i-P ‘ 

They were cured under damp sand after re- 

moval from molds lor a period of twenty g - 

days, then they were placed in a damp closet j ,__* 

until tested. The age of specimens when the 
tests were begun varied from a few days to - Spmmnn 

I , ri^i li • . • 1 FjsimI in IClfctrolvisis Ti'Ht.s. 

about one year. Jhe voltage was maintained 

continuously on some specimens for a period of over one year. Several 
different brands of cement were ii.sed, but the results showed no great 
difference in efficiency of corrosion for the normal American Portland 
cements. White Portland cement was inferior to the normal brands in 
resisting corrosion. 

The conclusions of these' investigal.ors may t)e jiartiMlly summarized 
as follows: 

1. Plain concrete is not affected by stray currents unless power lines 
are grounded in it. 

2. A potential gradient of afiproximately 60 volts per foot was retpiired 
to cau.se destruction of the test-pieces wIkmi tlie current flowed from the 
steel anode into normal wet concrete. WiWi dry concrete the voltage 
required to produce flisintegration was much liiglier. 

3. The resistances of normal wet concrete rises rapidly with the length 
ui time of passage of the current. 

4. The use of salt in the mixing Avater is to lie condemned, since it 
increases the conductivity of the concrete and thereliy accelerates the 
corrosion of the reinforcemeid. 

5. The splitting of the concrete surrounding a stet‘1 anode is caused 
by the oxidation of the steel. The volumetric increase of the steel due to 
oxidation Avas sufficient in a certain sjiecimcji to produce a radial stress 
of approximately 4700 lb. per square inch. 

6. For a given nuinbcr of ainpcre-hours and a given temperature, the 
amount of corrosion is independent fif the current strength. 

7. When the current flows for srjine time from the concrete to a steel 
cathode, the concrete is softenerl to a depth of 1 in. or more around the 
reinforcement and the bond is destroyed. 

8. Softening at the cathode occurs under much lower fKit-cTdaal gra¬ 
dients than does the anode effect. Since in practice the steel may often 
lie the cathode, danger from such effect is greater than from the anode 
effect. 

9. The passage of the electric current from the concrete into the steel 
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causes a gradual concentration of sodium and potassium near the cathode. 
When concentrated, the attack of these alkalies is sufficient to soften the 
concrete and weaken the bond. 

10. The danger from stray currents in practice, although well worthy 
of consideration, has l)een much overestimated. 

11. By encasing concrete which is in contact with water in water¬ 
proof membranes, its resistance may be increased and tlie danger from 
electrolysis diminished. The electrical resistance of concrete founda¬ 
tions may also be materially increas(3d by surrounding them with a shell 
of granite masonry. 

12. Direct-rnirnuit p(jwer circuits in concrete structures must be insu¬ 
lated from the groiiiid. Pipe lines should be provided with insulating 
joints where they enter and leave a structure and lead covered cables 
should be isolated frfun the concrete. 


TAVilj: 21 . rill': sj*i:cific itinSiSTANCK or conchetk and mortar 

TO ELl'iCTRlCrrV. {Tvvhnologic Puprr ^ 0 . 18) 


l*r(H)urlii)i)s. 


1 : 2 

1 ; 4 

1 -2:3 

1 : 2\ : 4 

1:3:5 

1:4:7 

RcsistiiTHM', in dIiiiis |)(t cm.’' 

a500 

2300 

2100 

()300 

8000 

8200 

0000 


Id. win n the metal within a building is iiLsulated with res[)ect to metal 
without, it may well be interconnected but it should never be grounded. 

6B0. Specific Resistance of Concrete to Electricity.- Measurements 
of the sjuaufic resistance by the above investigators for mortars and con¬ 
cretes made of river sand and crushed trap rock gave the results in Table 
21. The specimens were nine months old and had been stjaked for three 
months previous to the test. Similar tests on granite and limestone rocks 
showed that limestone has six or eight times, and granite about a hundred 
times the resistance of the concrete tested. Consequently the character 
of the aggregate as well as the age, pr[)portions, and moisture content will 
greatly affect the specific resistance of concrete. 
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PORTLAND CEMENT PRODUCTS 

BBl. General.—Within the past quarter of a century building blocks^ 
brick, drain tile and sewer pipt^ made of Portland eeinent mortar or con¬ 
crete have come into general use in construction. The use of these products 
has Vx^en espt^ciall}^ large in regions where good aggregates and cement are 
obtainable at reasonable rates, and in regions wlu re the cost of clay 
products is large due to freight charg(\s. Furthermore, the wide distri¬ 
bution of suitable aggregates, the small cost- of plant erpiipment, and the 
possibility of using unskilled lalx)r are factors which iiave imule these 
industries popular sources of investment for the man with little capital. 
These factors have had both a good influence and a bad influence on the 
growth of ceinent-product industries. They have l)epn of advantage in 
promoting the widesprerul use of ceir.ent products, but great harm has 
l)een done the industries by the large fiuantity of i)(U)r luatfTial which 
has been turned out l)y incoinixd.ent manufactiuers. 

CONCRETE BLOCKS AND BRICK 

B62. Merits of Concrete Blocks.- By using hollow blocks it is pos¬ 
sible to secure wall constructions which will \}v. firt^proof, dainpproof and 
of low heat conductivity without sacrificing the strength of the structure. 
Concrete blocks can be made true in shajx and dimensions and of such 
size that the maximum efficiency can be secured in laying a wall. In the 
latter respect they have a ilecided ;ulvantage over brick. 

B53. Types of Blocks.—Fig. 1 shows several types of l)locks now on 
the market. All blocks excepting the one shown in Fig. Ir/ are 8 in. high. 
The block shown in Fig. Ir/ is much used in SXSXKi-in. anrl to l(‘ss extent 
in LSXlOXlti-in. and SXl2Xlti-in. sizes. Occasionally blocks of this 
size, 8X12X24, are demanded Vnit tliey are heavy to lay. Blocks like 
Fig. 1/) are also considerably used in 8X8Xl(>-in. sizes. For backing up 
brick or other facing material the narrow' 8X4XHi-in. block of Fig. Ic 
finds use. The block of Fig. Id in TiXHX 12-in. size is light and is favored 
by some because of the double air space. 

5B4. Methods of Manufacture.—Concrete blocks are most econom¬ 
ically made from a mixture of fine and coarse aggregate, although many 
good blocks are made without any aggregate larger than { in. in diameter. 
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If coarse aggregate is used, it should all pass a |-in. mesh and be retained 
on a J-in. mesh. Gravel is preferable to broken stone because of 
the greater fluidity and density which it gives to concrete. In other 

respects the aggregates and 
cement should conform to 
the recommendations and 
specifications found in Ch. 
XIII and XII, respectively. 

A natural aggnigate for 
block and tile manufacture 
should be graded so that 
about oiKvthird to one-half 
is coarse aggregate between 
No. 4 and l-iii. sieves with 
the remainder a well-graded 
fine aggregate passing a 
No. 4 sieve. The fineness modulus can be built up to the values shown in 
Table 15, ('h. XIV, for the various types of aggregat(‘S. Although these 
data from MenziTs tests show that blocks of gt)Ofl stn'iigths can be made 
in proportions as lean as 1 : 14, tests by Copeland and Carlson {Proc. 
Am, Cone. Vol. 32, p. 485) show that walls made wdth blocks of 

1 : 6 mix and leaner leaked in the rain test unless given tw^o coats of paint 
on the exposeil wall face. Thendore, if impervious units are desired, it 
seems uiiwisci to use a mix leaner than 1 : 5 by volume. For severe 
expf)sures blrjcks 1 mo. old should have cruslung strengths of 2400 Ib./in.^ 
of net cross section. If faced blocks are made, the aggregate should be 
well-graded and dural)le and the mix should not be riclier than 1 : 2| or 
1 : 3 to insure against crazing. Machine mixing is preferable to hand 
mixing. With light-w'eight porous aggregates, preinixing with water for 
two or more minutes is an effective w^ay of eliininating too rapid with¬ 
drawal of w^ater from the paste. 

Blocks are commonly consolidated in pow er tamper machines, although 
some hand-tamped units are still made. The vibrating table provides 
an effective means for producing dense units of relatively dry mixes. 
Excellent machines using this process are now’ on the market. Inasmuch 
as a deficiency in the amount of mixing w^ater will cause a marked increase 
in the permeability of a block, it is of the utmost importance that all 
the water which the block can hold and still retain its shape after the 
mold is removed shoidil be used. The use of an excessively dry mixture 
has been responsible for a great many poor blocks. 

Blocks of slush consistency are poured into iron molds. By this process 
it is possible to secure a ve^ry dense block w ith a minimum amount of labor 
in molding, but it requires a ver}’ large outlay in molds. 
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Fin. 1.—Cuininrin Types nf Concri'le blocks. 
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No portion of the process of manufacture of concrete products is of 
more importancf^ than proper curing. Advantageous ways of securing 
well-cured blocks are discussed in Art,. 497. 

666. The Testing of Blocks.—There are throf? rough field tests which 
can be made to determine the iiuality of concrete blocks: 1, the ring 
emitted when struck with a hammer; 2, the rapidity with which a dry 
block will absorb a bit of water poured upon its hici'; if, fh*' t'ase with 
which it can Ix" scratched with a knife. A strong dense block will give 
a clear irudallic ring, show little absorption and cannot be cut with a 
knife. 

An excellent test of the imperviousness of a given concrete block wall 
can be nuide as follows: A wall four blocks long and four or five courses 
high is laid in neat cement mortar. A perforated pipe is suspended hori¬ 
zontally a few indies from the face anti near the tcp of the wall. The 
pipe is then connected with a garden hosi‘ anti tht‘ blocks subjedtal to a 
miniature shower. Observations should be made from time to time on 
the condition of the back tif the wall. In tt\sts made at thi^ Uni\^ivr.sity of 
Wisconsin, walls of one-piect^ dry-process blticks wt‘t through in many 
instances within an liour or two. Two-piect‘. tlry-process blocks and 
blocks of slush consistency withstood the test for st'veral tl.ays. 

With laboratory equipment the most important tests are: 1, crushing; 
2, absorption. Fire tests and alternate freezing and thawing tests are 
also somet imes ma(li\ (See Art. 541 and 545.) Tlii^ s])(‘f;ifications of thi^ 
American Concrete Instituti* follow: 

STANDARD SPECll’IC.VTIONS l>OH C^ONCRETE BUTLDTNG BJ.OCK 
AND CONCRETE lUJIhDINd TIET'] * 

Serial Designation: P-1 A-29 


I. —Geneuai. 

1. Thn purpose of these spnrifir.ation.s is to detine the requiremenIs for ronerete 
building bloek and eonerete Imildiiig tile to be used in eonstruetion. 

2. The word “concrete’' .shall be underslood to mean portlaiirl eemcnl, eorierete. 

3. The average compressive strength of 3 or more eonerete block or concrete build¬ 
ing tile in lb. per sq. in. of gross r*.ros.s-siM:ti[inal area as laid in the wall shall not be less 
than 7fK) lb., no one unit falling below 600 Ib. 28 days after being manufactured or when 
shipped. 

Where ever concrete block or building tile are used to carry unusual heavy loads, 
the average compressive strength of 3 or more of these units 28 days after being inanu- 
faetured or when shipped in lb. per sq. in. of gross ero.ss-sectional area as laid in the wall 
slxill be at least 10 times the figured superimposed load to be applied. 

Non-load-be.aring concrete block and concrete tile shall have sufficient strength 
nocc-ssary to prevent excessive breakage during delivery and handling. 

* Adoptod as Staudard SpccificatiooB, FBbruary, 1920. 
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4. The groas croflH-sectional area of a one-piene poEerete bloek or tile shall be con- 
sideriMl os the product of the length times the width of the unit as laid in the wall. No 
allowance shall be made for air spaces in hollow units. The gross cross-sectional area 
of each unit of a two-piece block or tile shall be considered the prodio^t of the length of 
the unit times one-half the thickness of the wall for which the two-pjiece block or tile is 
intended. 

f). The compressive strength of the concrete in units of all classifications except 
"non-load l>earing block" shall lie at least l(KK) lb, jier st). in., when calculated on the 
minimum cross-siictioiiMl ar(*a in bearing. 

ti. ConcTCtf; Building Block and tile to be exposed to soil or weather in the finished 
work (without stucco, ])last('r tir other suitabli'. protectivi? covering) shall meet the 
rMjuircrnents of the ab.srjrjjtioii test. 

7. All coTHTiite ljuilding block and tile not covered by Paragraph 6 need nut meet 
an abHor|)|joii rF;r|uirement. 

8. CoruTcte blor.k and til(‘ shall not absorb morf‘ than 10 per cent of the ilry weight 
of tlie unit when testisl as hereinafter specified, excf'jd when it is made of concrete 
weighing less than 1 10 lb. per lu. ft. For block or lile inadi' with concrete weighing 
less than 140 lb. |ier cu. ft. the aljsorption in per cent by weight shall not be more than 
10 multi|)lie,il liy 140 and divideil l>y the unit weight in pounds per cubic; foot of the 
concrete, unrle.r consideration. 

9. 8pi;cimens for ti'sts sliall be r(‘i)ri\sr*ntative of the comincreial proiluct of tin; 
plant. 

10. Not less than tliree and preferably five spiMtirnens shall be rerpiired for each 
teat. 

It. Th(; sp(;ciiiiens used in the absfirjition test may lie used for the strength test. 

IT.—Miynions or Testinii 

12. The apeeirnens shall lie immersed in elean water at approximately 70 deg. F. 
for a period of 24 hours. They shall then be removed, the surface water wijied ofT, and 
the Hpi‘i;iinens weighed. tSpecimens shall be dried to a constant weiglH at a ((‘riijierature 
of from 212 deg. to 2.'30 deg. F. and nvweiglied. Absorption is th(‘ flilTerenee in weight 
divideil liy thi‘ widghi of the ilry speidineiis and multijdied by 100. 

13. The weight per ciibie fool of l.lie ciincrete in a block or tile is the weight of the 
unit in pounds, divided liy its viduine in cubic, feet. To obtain the volume of the unit 
fill a vessel with enough w'alcr In immerse the specimen. Tlu' gr(‘at(\st accuracy will 
be olitained with the smallest ves.sel in which the specimen can be iinrnerseil with its 
length vertii;al. Mark tin; level of tlic water, then immerse tlie saturated specimen and 
weigh the vessel. Draw the water dinvn to its original level and weigh the vessel again. 
The difference between the twoi winghts divided by 02.5 eipials the volume of the speci¬ 
men in cubic feet. 

14. kSpiUMTneiis for the strength test shall be dried to constant weight at a temiiera- 
ture of from 212 deg. to 250 deg. F. 

15. 'fhe spei'imeiis to be tivsteii shall be carefully mcMSured for overall dimensions i*f 
length, w'idth and height. 

16. Bearing surfaei's shall be made plane by capping with plaster of paris nr a mix¬ 
ture of 1 portlaiiil cement ami plaster of paris, which shall lie allowed thoroughly to 
harden (from 3 to 6 hours) before the test. No point on the surfaee shall deviate from 
the plane more than 0.(M13 in. The cap shall not lie thicker than ]-in. It shall be 
formed by means of an aiamrately machined metal iilate or a heavy iilate glass having 
a true surface. 

17. iSpccimens shall be accurately centered in the testing machine. 



CEMENT DRAIN TILE AND SEWER PIPE 


517 


18. The load shall be applied through a sphprieal bearing blork plared on top of the 
sppeiii'Jen. The rate of loading after 50 per rent of the ultiinate l.nid has been applied 
shall not be greater than that whieh will prodiiee a shortening of the specimen of 0.02 
in. per minute. 

10. When testing other than reetaiigiihir Idoek nr tile rare must be taken to see that 
the load is aj>plieil through thi‘ eenter of gravity of tin' spi'i'inieii. 

20. Macliincd-steel nr east-iron plates of suflieient thii kness to jorevent appreciable 
bending shall be ])laeed between tht' sjdn'rieal bearing Idork and the sj)eeiinen. In no 
case shall the distance lietween the edge of the spherieal hearing Idock and the end of 
tlie bearing plate be greater than twice the thickness of tin; jilale. W here a number 
of thin plates are usi'd, in nn ease shall the jilates be less than one ini*h thick nor shall 
any plate extend beyond tin' one iiiimi'diafelv above it a greater ilistaiU'e tlnin twice 
the thickness of the plate. 

21. The .speeiinen shall bi' loaded to failure. 

22. The compressive strength in pounds per srju.'iri' inch of gross cross-seidional area 
is the; total ajjplied load in jiuiinds divideil by tin' gross crossM'ctinnal ari'a in siiuare 
inches. 


666. Concrete Brick. In localitit's w1u‘it ii gotxl cnar (* sarul i.s ff)uml 
anti ueiiu'nt is ohoap, brirk may bn nmtln of nnmt'nt im)rt:ir wliirli can siic- 
cn.ssfully noiiiptdt' with clay building brick. Ont' of the uu'riis of (/oncrctc 
bride is tlit^ trim shape. r\ir1 licrmt)rc it i.s pos.sibl(* to niakt' special shapes 
and sizes to exact diint'nsions almost as cheaply as i h(‘ standard sizes. 

For body brick an economy may bt‘ tdTt'ctcil ])y ailding coarsi' af^grt'gate 
to the mix. Tim sanu' considerations should obtain in dtdenuining: pro¬ 
portions for conc?'i‘tc l)rick as for concrct(‘ Itlocks. Mf)rt!ir or ctincrctc for 
brick making should have a strength of IS(K) II). pt'r stpiart' inch at an age 
rjf one montli Avlitvn tested in the fttrm of a prism or cylinder with a htu'ght 
etiual to tAvine thf‘ diamtdtr. flood concrtdt' brick one month ohl should 
liave a mothdus of rupture under IransA’erst* test of 450 lb. j)t'r stjuare inch; 
half l)nck, at the samt‘ agt* Ix^ddetl llatAvise should havi‘ a compressive 
strength of 2500 lb. per square inch, (lood concreti‘ brick should not 
absorb more tiian 0 pt*r cent r)f watfux The methods of testing used for 
cla^/ brick can be applied to concret brick. 


CEMENT DRAIN TILE AND SEWER PIPE 

667. The Advantages of Cement Pipe. He.sides having the advan¬ 
tages common to otht'r ceimuit products ccuiient pipe possi sst's two addi¬ 
tional nu'rits. Thc^y can b(‘ maili' true to form and of circular, oval or 
any desired cross-section. Furtliermore, it is possible, by ri'gulaling the 
thickness of the shell or by reinforcing with st(*el, to make th(‘ pipi! strong 
enough to withstand the prfxssure due to any supfmimpoHed ditch filling. 
IndiX'd reinforced pipe are being used for pressure conduits.* 

* The dnsi ription of a long StWii. pipt* line iimlnr 70 ft. head may bo founrl in Eng. 
iVems, Vol. 68, p. 248. 
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65B. Method of Manufacture.—Portland cement of standard quality 
and a well-graded sand containing a large proportion of coarse particles 
are generally used for making the smaller sizes of tile or pip(^. The proper 
proportions vary with the nature of the aggregate. For ordinary bank 
sands it is not safe to use a mix leaner than 1:3. With exceptionally 
good aggregate the proportions may be increased to 1:4. If the tile 
is to be laid in an alkali soil, only the best of sands should be used and 
the proportions should not be h‘aner than 1 : 3.* In making the larger 
sizes of drain tih* and sewer pipt^ it is good practice to employ concrete 
having a nuiximuru size of coarse aggregate not ovivr one-third of the thick¬ 
ness of the pipt‘ wall. The mix should contain sufficient mortar so that a 
dense product can be secunal. Proportions may vary from 1 : 2 ; 3 to 
1 : 2?2 : 4, depending on the nature of the fine and coarse aggregates. 
The use of pit run graved or run of crushi'r stone should not be periuitttai 
on account of the, variation in the gradation of thi^ aggregate. 

In mixing, both machine and hand methods are used. Either is satis¬ 
factory whtm propivrly dune (sec Art. 489 and 490), but the machine mix¬ 
ing is far more economical. The consistency of the mix should be as 
wet as possible without interfering with the immediate removal of the 
molds. When the proper consistency is employiul a w(d)-like marking 
will be produced on idle surfaces of the pipe. This is entirely lacking on 
products mad(? from dry mixes. 

In the larger plants the tile or pipe are filled and tampeil by machines, 
of which there are two main types—the spiral-tamping machim\s and 
pack(^r-head machines. In the former the mold is centered upon a hori¬ 
zontal table revolving about a vertical axis, and the mix is spouted into 
it. Tamping is accomplished by blows from a slender plunger which 
is moveil up and down four or five hundred times a minute while the 
tile is being revolvial. In some machines the plunger is held by a friction 
grip so that its length can be automatically shortened as the mold is 
filled without changing tht' intensity of the blow. 

With tlie packi‘r-head machines the molds have no inner lining and 
are stationary. The packer-head revolves about a vertical central axis 
and also has an up-and-ilown motion. The head itself consists of a smooth 
cylindrical iron disc alinut \ in. long and of the same iliaiueter as the 
inside of the tile. It is surmounted by a set of adjustable railial vanes. 
In ojxu-ating, the head is run to the bottom of the mold and the feeding 
spout opened. As the head is raised the material is forced outw\ard against 
the mold by centrifugal force and the interior of the tile is finished by the 
troweling action of the outer portions of the vanes and the disc. 

Tamping machines optTate more slowly than the packer-head devices, 

• Swe Tecfntolog^ic Pttper No. 44, U. S. Burruu of Stanilardis, entitled Inve^^tigation of 
tht Durability of Cernent I}rain Tile in Alkali Sadii. 
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but they produce a more uniform pipe. For these reasons cement drain 
tile are generally nrade by the packer-head method, while cement sewer 
pipie are made by tamping machines. 

The method of curing outlined in Art. 497 should be followed if good 
results are to be secured. Nearly all plants now expose tin* tile to an 
atmosphere of wet steam for at least thirty-six hours, the tt*mperature 
being kept above 70° F The steam shoulri be saturated so tliat con¬ 
densation is in evidence on the walls of the curing chamber and on the 
product. Ury steam even at a high temperature will gt'nerally do more 
harm than good. After steam curing the pipe or tile should not be sul)- 
jected to a temperature l)eh)\v 10° F. before they are two weeks ohl. To 
secure an impervious product it is lu'cessary to sprinkh^ the pipr* twiLV a 
day for at least one week after removal from the st.eam, (\specially if the 
weather is warm anti the humidity low. 

669. The Testing of Cement Pipe.— The rough field tests mentioned 
in Art. 287 may also be used to delta-mine the tfuality of drain i ilt‘ or sewer 
pipe. Many plants and most Itiboratories makt‘ absorpti-ai and crushing 
tt^sts to ascertain quality. Both of tht'se tt*sts are madt* in the saiue man- 
rit^r as described in Art. 291 anti 29d. J'ragments t)f ct'mtuit drain tile or 
sewer pipe should not absorb ovt‘r 8 per cent of water, by weight. The 
t/able in Art. 824 shows the bt‘aring strengths per lini'al foot which the 
different sizes and classes of drain tile anti sinvtT pipe sht)ulfl carry. A 
metliotl for making feezing tests on tlrain tile appears in Art. 291). 

CJootl concrett' stuver pipe sht)ultl be capablt^ t>f carrying an internal 
water prt\ssure of 15 lb. per stj. in. for 15 minutes when subjected to test 
(see A.S.T.M. specifications). 

MISCELLANEOUS CONCRETE PRODUCTS 

660. Pol&s, posts and piles art* also cast or formetl by centrifugal 
processes out of ct)ncrete. In most ca.ses thi‘S(* forms must be rf*inforcetl 
to withstand flexure. The material is well atlaptetl to use in posts and 
poles, but reinforced pilt's expos(‘d to sea water are likely to suffer from 
corrosion of the reinforcement in the sections above high-w^ater level. 
Ileinforced concrete railroad ties have also been trii*d l)ut without much 
success, the material being too brittle for such purposes. 

661. Cast Stone and Other Forms. Christ Slone. - Sincr. the World War 
a considerabh* imiM*tus has l)ef*n given to the manufacture of artificial 
stone produced from Portland cement and sp(*cially prepared aggregates 
for facing and trim on buildings and other structures. Cast stone usually 
is iruide either from a relatively dry mLx and tamped into molds (dry 
tamped stone) or from a mix which will flow sluggishly into place in the 
molds fw^et cast stone). Sand, plaster of paris, glue, wood, or steel molds 
arp used for various kinds of products. Sand or plaster molds may be 
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used to effect a reduction in the water-ratio of the mix prior to harden 
ing. Beautiful shades and textures are evolved from combinations of 
white cement, colored aggregates and mineral pigments. The finished 
surface is commonly produced by cutting, by etching with an acid, or by 
rubbing on a revolving cast-iron table. 

Tests on speciirums from fifty-eight varii'ties of cast stone made by 
Tucker and Walker of the l^ureau of Standards (see Proc. A. C. Vol. 
29, p. 501) show that over half of the samples exhibited crushing strengths 
of 5000 to SOOO lb. per scj. in. and, after drying to constant weight at 110° 
C. and soaking 24 hours in distilh'd water at 21° C., absorptions of 5 to 8 
p(?r cent. Many of the stronger samples were in good condition after being 
subjected to 300 cycles of freezing. 

Othfir Formn. - A)n account of t,he readiness with w^hich concrete can 
be cast and modeled it forms an inexpensive material out of which the 
artist cr('at(\s a grt^at vari(‘ty of handsome ornamental forms for the 
decoration of structures. Artistic urns, fountains, benches, and pieces of 
statuary moldiHl out of concrete adorn many of our lawns, parks, and 
drives. Although the making of ornanu'ntal concride is a comparatively 
new industry, y(‘t the general charjicteristics of th(' matf^rial and the 
durability of the work thus far done, indicate an increasing demand foi 
such products. 
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METALS AM) THJCIR ORES 

B62. Metallurgy Defined.—MtHMllurgy may bn (InfiiirMl ms Iho art of 
extracting metals from (heir o?*es, and their sul)se(|iieiit aiiaptalion (o the 
uses of man. As a division of engineering praetiee, the fiehl is inleiinediate 
l)etvveen those of the mining geologist and engineer, who exjjloil nature's 
deposits and take out the ores of value, and of the t‘i\al, electrical, and 
meehanical engineers, who are concerned with the fabrication of the metal 
into the finished structure or machine. 

As implied in the definiiion, the field of metallurgy is broadly divisible 
into two parts: The recovering of the metal from tiie com])aratively 
crude or complex forms in which it is taken from the ground; and the 
further manipulation or treatme^nt of the metal, relatively pun^ or otlua- 
wise, bo fit it to withstand best the varying conditions of sf‘rvico. To the 
user of materials the latter is in general the more interesting anil important 
division of the art. 

663. The Metals of Construction.—The metals used in considerable 
quantities in engineering construction are comparatively few in number: 
iron, copper, lead and zinc may be considcrerl as the primary; and alu* 
milium, till, nickel, antimony, silicon, manganese, vanailium, chromium 
and tungsten, as the important metals of secondajy rank. That is, the 
first four are usually the base metals in materials of construction, and are 
ahvio.st essential in engineering practice; the secondary metals are in 
general not, so essential, or have their principal use because of their modify¬ 
ing influence when used in mixture wdth the metals of Ihe primary division. 

564. The Utility of the Metals in Construction.-The utility of any 
metal dejiends upon its adaptability and w orkability and u|H)n its (ost. 
Tlie two first named are functions of the physical projxTties of the material; 
the cost depends upon the abundance and accessibility of the metal, its 
form of occurrence, and the ease of extraction and treatinent. The proi)- 
erties of importance in metals for construction pur|)oses are: tenacity, 
elasticity, ductility, malleability, hardness, specific gravity, fusibility, 
viscosity, color, corrodibility, expansibility, conductivity (electrical and 
thermal) magnetic quality, electrical potential, and frictional quality. 

Iron is by far the most inifxirtant of the metals used in engineering 
construction. It is very abundant in nature, which fact, together with 

621 
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the accessibility of the deposits and the comparatively low cost of extrac¬ 
tion, makes it a cheap metal. The value is about f to 1 cent per pound 
in the fonn of pig iron, which may be considered as the raw material 
for the maiiufacture of the shapfis used in construction. Production in 
the United States ha.s now reached upwards of 35 million gross tons per 
year, valued roughly at #730,000,000. This is about one-third of the 
yearly production of the world. Pure iron is relatively soft, very ductile, 
and of moderate tensile strength—40,000 to 50,000 lb. pi^r square inch. 
The specific gravity is 7.9, and the melting-point 1530° C. The ready 
corrodibility of iron in the atmosphere and otherwise is a disadvantage; 
and in many i)laces it is uscul oidy because its cheapness, coupled at 
times with advaiitag(‘ous properti(\s, is a factor sufficient to offset the 
inevitable decay. Iron possesses magnetic properties vastly superior to 
any other metal, and it would therefore find extensive use in certain 
fields, regarflless (jf the development of substitutes f[)r many of its present 
uses. Iron ow(‘s its greatest utility to the fact that it alloys freely with 
other elements, and its inherent properties are markedly altered and 
improved for varying conditions of service. Practically all of the iron 
and steel used in engin(*eriiig construction has purposely had added to 
it varying proportions of different elements, and it will therefore receive 
consideration with the alloy group. 

Copjycr is a very important metal. The United Stat(\s in 1937 pro¬ 
duced 834,fi61 net tons, about 35 pt'r cent of the world’s output. Consump¬ 
tion of copjMU' in this country in 1937 was 860,OOO lud tons, of which about 
55 per cent went into copper wire and rods; 22 p(‘r cent into sheets, strips, 
tubes, and castings; and 23 per cent into brixss and other copfX'r alloys. 
Nearly 50 p[‘r cent was used for electrical purposes, 13 per cent in auto¬ 
mobiles, 8 per cent in building construction, and 5 per cent in bearings, 
bushings, valves and pipe fittings. Copper is st)ft and ductile, being sonn^- 
what like pure iron in this rt'spect. Its specific gravity is 8.9, and the 
melting-point 1065° C. Its relatively high cost, varying from 10 to 20 
cents per pound, limits its use to those plact's where its inherent advan¬ 
tages make its eniph>yinent luua'.ssary. Copper is especially immune in 
corrosion in the atmosphere, and has an exceptionally high electrical 
conductivity, being slightly surpassed only by silver. It alloys very freely 
with other metals, particularly zinc and tin, to form bra.ss and bronze 

Lead is of service in the arts because of its softness, ductility, plas¬ 
ticity, low fusion point, and non-corrodibility. It has very low strength, a 
specific gravity of 11.3, ami melts at 327° C. It is a metal of moderate 
cost, varying from 4 to 7 cents per pound in different years. Production 
in the United States in 1937 was 621,817 short tons, or about 35 per cent 
of that of the world. About 23 j)er cent of the lead consumed was made 
into white lead and oxides; 31 per cent Avas used in storage batteries: 
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15 per cent for cable covering; 7 per cent in building constniction; 9 
per cent for bearing metal, type metal and solder; 6 per cent for ammu¬ 
nition; and 4 per cent in foil. ^ 

Zinc is a metal of low tensile strength—7000 to SOOO lb. per sq. in. 
—and is rather brittle. It becomes sufficiently ductile at alxnit 100 to 
150° C. to be rolled into sheet fonn. The specific gravity is 7.1 and the 
melting-point 420° C. The cost varies nonnally from 5 to 9 cents jkt 
pound. United States’ production in 1937 wa.s 620,336 short tons, or 
about one-third of the w[)rkrs total. The property of zinc which renders 
the metal most useful is its resi.stance to atmospheric attack. Alxnit 10 
per cent finds outlet as sheet zinc, and 42 per cent for the galvanized pro¬ 
tective surface of steel sheets, tubes, wire, and shapes. Zinc forms with 
copper the useful alloy brass, and about 28 pi'r cent i>f the total consump¬ 
tion is for that purpose. Miscellaneous uses in die castings, alloys and 
otherwise, account for the remaining 20 per cent. 

Alunimum is the most important secondary metal and has many 
useful properties. It is non-corrodible in the atmosphere, has good color, 
is easily workable, lias good stn^ngth and ductility, and is especially ser¬ 
viceable because of its low specific gravity and high electrical conduc¬ 
tivity. Only the high co.st of the metal due to difficulties in extraction, 
coupled with poor welding quality, prevents a much wider range of appli¬ 
cation, and in many cases of sub.stitution for metals now commonly 
employed. The .specific gravity is 2.58, and the melting-point 657° C. 
The tensile strength is about 17,000 lb. per square inch in the cast form 
and 35,000 lb. per stjuare inch when drawn into wire. Production in the 
United States for 1937 w a-s about 146,OIK) short tons. The cost is from 18 
to 25 cents per pound. The greater part of the aluminum is used where 
light weight is essential, probably hal^ of it in the pure form, and the 
other half alloyed with moderate amounts of other metals to confer added 
stiffne.ss or other useful properties without great increasr* of specific gravity 
in the re.sultant metal. About 20 per cent is us(*d in transportation. 

The other secondary metals arc used mainly in mixture with the iron, 
copper, lead, or zinc, to alter or improve their normal properties. Con¬ 
siderable proportions of the nickel and tin, however, are employed to 
form ornamental or rust-resistant coatings for objects made from the 
other metals, especially iron. 

665. Ores.—One of the important divisions of the field of metallurgy 
is the winning of the metals from their ores. The ore is thp form in which 
the metalliferous mineral occurs in the earth, and from which it may be 
commercially extracted. The metal wffiich it i.s sought to recover may be 
prestmt in the native or metallic form, but usually exists as a compound of 
the metal with other elements; as.sociated wdth the metalliferous min¬ 
eral is a varying amount of earthy matter, called the gangue. 
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The following arc tlic most important chemical combinations in which 
the more comnioii metals are found: 


Oxides or hydrated oxides 
Hulphides— 

(>arl)r) nates— 

Native— 

Silicates— 

Chlorides— 


—iron, copper, 
copper, lead, zinc, 
lead, zinc, iron, copper, 
copper (silver, gold), 
zinc, 
lead. 


B66. Economic Value of Deposits.—Whether or not a rnelalliftTOua 
deposit is an ore rlepcnds upon er*onoiiiic considerations. The conimercial 
feasibility of recovery dejiends upon: 

(1) Nature of the metal—the more valualde the metal to be recovered, 
the great er tlie exlriain^s to which one may go in such recovery, and still 
show a profit in tin‘ operation. 

(2) llichness of the ch*posit—the greater the percentage of mtdal 
present in the deposit, the more feasible is the prospect of extraction; 
other things eqind, A dejiosit with 50 per ciait of iron content is high 
grade, while on(‘ with 30 jier cent is lean. Cojiiier ores, on the other hand, 
vary from 5 to 1 jinr cent in the largest workings of this country. Tlie 
average amount of gold rta overed from straight ores in the United States 
in 1936 was valiKMl at $5,17 ))er ton, indicating a yield nf approximately 
I oz. pf‘r ton or ().00()6 pea* ceait. 

(3) Assoeaation—two or more metals may be associated in an ore, and 
recovery of both will sliow a net profit, wliereas if the separate metals 
were ahine in tlieir- individual proportions extraction wanild not lie feasible. 
Very great values in silver are recovered in lead extrai tion from certain 
ores, although the percentage content is so low^ in many cases as to be 
apparently negligibh\ Most of the nickel is obtained from ores where it 
is associated wath sufficient copper to warrant retjovery of both metals. 
Certain iron ores have an added value conferred by the association of 
nickel or manganese. Again the association may not be of a metallic 
nature, but may, even as part of the gangue material, save additions in 
the extraction process, and in consequence w\arraiit the treatment of other¬ 
wise too lean ores. Thus the lime ascoeiaied wnth some European and 
Southern ores enhances their value. On the other hand, foreign sub¬ 
stances of a detrimeiitid nature may be present in the deposit, and either 
destroy the possiljiliiy of economical recovery or so increase the costs of 
the operation as to lower the grade of an otherwise rich ore. High phos¬ 
phorus in iiDii ores, or Mie high titanium content of many of the iron 
deposits of New^ York, are instances in point. 

(4) Situation—Geographical location with respect to facilities for 
transportation, and accessibility to smelting centers and markets for their 
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products are factors for considcratioii. liiuiiense dcj^osits of ricli iron 
ores in Brazil are practically untouched at the presin^ time because of 
transportation difficulties and costs. Again, location of the deposit with 
respect tc ground surfaces, as determining the iiietliods and cost of mining, 
is an item in the determination of its value. Finally, t'xtcjit of the deposit, 
both as to total ciuantity and character of distribution, is an important 
factor. To warrant exploitation, an iron deposit iniist hav(‘ large ton¬ 
nages in sight in a bedded form of considerable thickness. The more val¬ 
uable the metal, the inore feasible it become.s lo take out the niineral 
occurring in veins, pockets, or stn'aks. 

(5) State of the art—t-heaper methods of extraction may be drna lnped 
which will show a profit in the recovery of metals from ores of too lean a 
character to be treated by present-day methods; or such ]iroi“esses may 
eliminate some element now detrimental. Also as dif‘ high-grade ores 
become exhausted it l)ecomes necessary to diaw upon sourci's of sup])ly of 
less rich charaettT, or a t more remole or inaccessible places. 

667. Preparation of Ores for Extraction of Metah;.- After the me 
has been mined, it is usually m‘cessary to prepare it foi the i‘\ti*a.ction 
process, by some method of ore dnNssing or concentration. Tlie ol)ject 
is to get rid of soriu* harmful cmistituent or son:c of the ganguc material 
by a methofl depending upon different jihysical nr cln^niical projjerties 
than those of the extraction operation, and accomplishing tln^ result 
in a mort' effeetive and eeonomie.al manner. Naturally the grtviter tlie 
intrinsic value of the inetal to be recovereil, tin* greater is the amount of 
ore diessing whii-h can l)C employed, other things l)eing ecpiab On siccinint 
of the fact that it is usually more feasibh* ii) extinct thf‘ metal at a, jilace 
favorably situated with resfieid tn fuel, cdc*., and rjaiioti* from the mine 
inniith, elimination of a consideraJ;h' jiortion of tin* ,gangue at tin; nune \^'ill 
minimize transportation of such nsehvss mateiial, arul sucli saving will 
often more than repay the cost of concentration aside from the advantages 
resulting from a material moi c favorable for (‘xtraction. 

Concentration methods usually begin witli a ['rushing ami sizing of the 
ore to a point as close as economical considerations will wanaid, (o the 
theoretical limit of inechanical disintegration of tin' useful iniin'ral from 
the gangue. Varying phy.sical nr chemical characteristics of the two are 
the basis for the separation. Washing with water will carry away clays 
or suVistances which will form an emulsion or go into solution. Specific 
gravity differences will eiial)le one to effect a separation by flotation in 
Avater, oil, et(!., usually l)y some means of controlling its velocity of flow or 
pulsation. Magnetic separation is often of value, particularly when iron 
minerals are present. 

668. Principles of Extraction of Metals.—Metallurgical extraction 
methods are divisible into two groups: Wet methods involve solution of 
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the metal sought, and recovery by precipitation; while useful in some 
fields, particularly gold and silver, they are relatively unimportant in the 
metallurgy of the metals used in engineering construction. Dry methods 
predominate; usually called smelting, and effected with the aid of heat. 
After the ores have l)een j)roperly prepared for treatment, the smelting 
operation consists essentially of a reduction of the metal from its chemical 
combinatinn in the mineral, a fusion of the metal and the gangue as slag, 
with recovery of the metal. The result may be obtained in one operation 
and furnace; or it may require several to properly fit the metal for use in 
the arts. 

The chemical reactions involved in the recovery of the metals in smelt¬ 
ing are mainly oxidation with air, metallic oxides, and carbon dioxide; 
and reduction by means of carbon, carbon monoxide, hydrogen, sulphur, 
or certain metals. 

Heat is often employed preliminary to smelting, to effect a change in 
the chemical nature of the mineral or ore, without fusion or reduction to 
the metallic form. Drying, calcination, or roasting involve the driving 
off of the moisture, the dissociation of hydrates or carbonates with elim- 
ination of water nr caihoji dioxide, and the removal of sulphur by oxida¬ 
tion and volatilization as sulphur dioxide. 
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REDUCTION OF IRON FROM ITS ORES 

669. The Economic Importance of Iron and Steel.— Tlie iri)n jiiul steel 
industry has had its principal dcvelopiniuit in tlie United States and 
Europe. Production of pig iron in recent years is shown in Table L 


TABLE 1.—QUANTITY AND VALUE OF PIG IRON PRODUCICD IN 
LEADING COUNTRIES Ol^ THi: VVtnvLD 


r mill try. 

IIUJ;') 

lUl.'l 

1 [1.17 

liong '^Puns. 

1) i)ll:irs. 

I.DtlK TiiIIH. 

DoUhth. 

1 . 

! 'irin Tuns 

Dollars. 

United States. 

Germany.. 

Gr^at Britain. 

Fruiice. 

10,814,018 

U,r)ll2,7a7 

3,028,38:1 

;i82,l.''»0,000 

3o.:i84,4hn 
11,003,014 

4,074,9r)U 

401,400,604 

36.14r..0lir» 

iri,7lM),000 

8,:ir.0,000 

7,800,000 

7:ii,i30,4:ir) 


Production in Russia has grown rapidl}^ and now exce(‘ds that of Great 
Britain. In addition^ Belgium, Japan, Imlia, and Australia produce 
considerable pig iron. By far the greater proi)ortion of pig iron prodimnl 
in the United States is made from dcimestic ores, although thi'ie is a con¬ 
siderable tonnage of ore imported from (Jhili, Cuba, Sweden, Norway, 
Russia, and Canada to supply seaboard furnaces. Germany is largely 
dependent upon iron ores (jbtained from beyond her borders. Her chief 
supplies are from the Lorraine fields, exttniding into Luxemlxjurg, Btdgium, 
France, and Germany. Great Britain has important deposits of iron ore 
on her northeast and northwe.st coasts, but obtains about one-third of her 
supply from foreign fields. 

670. The Native Sources of Iron Ores.—Iron ores are mined in many 
states of this country. There are three great producing districts: Lake 
Superior, centering about the head of that lake in Minnesota, Michigan, 
and Wisconsin; Southern, chiefly in Alabama, n(‘ar Birmingham; and P]ast- 
ern, largely'' in Pennsylvania, New York, the Adirondacks rt'gion, and New 
Jersey. Additional tonnage is obtained from AVyorning, Utah, California, 
Tennessee, and New Mexico. The Lake Superior district produces about 
four-fifths of the annual tonnage of this country. Southern ores are smeltt^d 
largely in the vicinity of the mine.s. New York ores find outlet locally and 
in eastern Pennsylvania furnaces; while almost all of the Lake Superior ore 
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is shipped from 600 to 1000 miles to smelting centers. The greatest pro¬ 
portion is sent to lower Lake Erie ports for transshipment by rail to fur¬ 
naces in the Pittslnirgh districts; while a considerable tonnage is smelted 
in the region centering about Chicago. The Pittsburgh district has long 
held the su[)remacy as the steel-making center of the United States, largely 
because of the economic advantages of good fuels (coal, coke, natural 
gas and oil) and accessibility to the consuming markets. With the trend 
of population westward, and the changed conditions due to the develop¬ 
ment of modern coking processes, it is likely that Chicago will bet^ome an 
increasingly greatt*r center of activity. Production in Colorado or far 
w^estefn districts will be (mtirely to satisf 3 ^ local demands. 

671. Classes of Iron Ores and Their Characteristics.—The ores of 
iron are (ilassed accoitling to the iron inineral which is predoniinant. 
The^^ are, in the order of theoretical j)ercentage of iron content in the 
mineral: 

M(Ujnetitf'; I'e.jOi—72.4 per cent iron. It is steel gray to black in 
color; very hard and strongly magnetic. Magnetite is not a very prom¬ 
inent ore in the United States, but is mined to a considerable extent in 
Pennsylvania and New York, ’^riien^ are large* tonnages in New Y[)rk 
which an* not [‘xploite^d at tlie prcsi'iit tinu* la cause^ of associateil titanium, 
which cause's diflieailty in siindting. Magnetite' is the important ore^ of 
Swtalen, where it is of high pu^it 3 ^ 

Hematite; Fe 2 C;i - 70 per cent iron—is red to brown in color, and 
occurs in some de'posits in a bard, lumpy (ameiitioii, whereas in otheus it 
is^'soft anti of f'liw tt'xture. Hematites form the j)riiu*ipal ores of the United 
States; the oie of Jiiike Superior and much of that of the South is of this 
iduiracter. Hematites are also important in the west of England, Spain, 
(Yiba, Chile and Africa. Jinniense deposits of high grade ore exist in 
Brazil, but have not been exjdoited to an^'^ extent as yet because of trans¬ 
portation difficulties. 

JAmonite; 21"e2t)3+3H20—59.9 per cent iron, 14.5 per rent water of 
eombinalinn. This is a hydrated hematite, is soft and of a yellow^ color. 
It l)eeanie.s red hematite by deli^alration at high temperature. By par¬ 
tial dehydration, ores of brown eolor, called brown liematites, result. 
These are prominent in the southern deposits of the United States, and in 
the Miiiette district on the Cierinan-French border. Limonites are im¬ 
portant in tlie Cuban deposits. 

Sideritv; FeCDa—18.3 per cent iron, 41.4 per cent COo—also called 
spathic ore. The principal deposits are in Cieniian.y and Austria, in 
Wales and the northwest district of England. Normally the ore is hard 
and stonelike* with a graj' color, hut is often associated with clay or car¬ 
bonaceous matter, and iu the latter case the color is Vdack or streaked 
with black. Carbonate ort'S were formerly' important in Pennsylvania. 
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While iron silicates and sulphides are plentiful in nature, they are of 
no iinporLance a.t the present tune as ores. 

Iron oies ottur in all conditions in nature, from hard ores requiring 
blastinK, to soft ores which can he mined directly with steam shovels. 
iSucccssfully mined deposits arc often thousands of feel below the surface 
of the Kiound, and again may be so close to the surface as to be ciipable 
of open cut mining after a variable amount of strijiiiiiig of top soil. 

The relative production of the various iiou ores in the I’niled States 
riming recent years is given in Table 2. 


TABLE 2.—RECENT PUOntTCTTON OE IRON ORE IN TTTE I'NITEO S'l'ATES 


Kind of Ore. 
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’’I’d till. 

12,520,133 

100.00 

55,520,4!)0 

100.00 

72,0!)3,54S 

KHl.OO 


* Anhydrous sest]uioxide. t HydiiUitil .st‘.st|uioxiilRH. 


672. Elements Associated with Iron Ores.—Typical analyses of iron 
ores are given in Table 3. 

The iron content in different ores varies considerably; values range 
from 30 per cent to upwanls of .50 or even tiO J>cr cent. The Lake Superior 
ores are very rich, whih' those of the Scuth are comparatively It-an. Many 
ores, and this is true of certain of I lie southern deposits, have, the disad¬ 
vantage of the lean iron content offset to a ilegree liy the association of 
lime, alumina .and .silica in proper prn|>orliniiS to be self fluxing, thereliy 
forming suitable sl.ags without purchase of the necessary Hux (usually 
limestone) to ensure fluidity. The gangue is earthy material, of which 
the principal cnnstituenls are u.sually silica and alumina. Increasing 
amounts of .such gangue lower the value of thi' ore liy decrea.se of iron 
content and corresponding increase of handling, fuel, and flux costs per 
ton of pig iron. Alkalies or bii.sic con.stituents may have the offsetting 
advantage of deerea.sing the amount of flux required in smelting. Sul¬ 
phur and phosphorus are always present in varying degree in iron ores. 
Up to 1 per cent of the former may be .succe.s.sfully removed t o the required 
limits in blast furnace smelting, but requires increased fuel and flux; thus 
increasing sulphur lowers the value of the ore. Phosphorus, on the other 
hand, is eliminated oidy by special processes in the refining of the crude 
blast furnace product to steel; the nece.s3ity of such selection of a more 
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TABLJO :S.—CIIKMICAL ANALYSES OF VARIOUS IRON ORES 
(FiniTi Tertth Cf^nsiis Rrports, Vnl. 15) 

Kind ni Ore. 
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costly iiu'tholi mofins tliat. phosphorus content greater than 0.05 per cent 
in an ore carryinp; 50 per cent of iron, has a marked effect in lowering the 
value. Phosphorus of 0.001 per unit of iron is the limiting content dividing 
iron ores into the two great divisions of Bessemer and rion-Bessemer. 
All good steel must not exceed 0.10 per cent of phosphorus; the elimination 
of any excess costs money, and the presence of such excess in the ore lowers 
the gmde. 
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673. Preliminary Treatments for Iron Ores.—Iron ores usually undergo 
no treatment preliminary to smelting; except carbonates, which are cal¬ 
cined to drive off the carbon dioxide. Sulphur in excess of that suitable 
for economirjal smelting f-an be lowered by rr)jx.sting and volatilization as 
sulphur dioxide. Mucli of the magnetite mined in Ncav York is crushed 
and triiated by magnetic separation, ^^'hereby a coiisidt'.rable proportion 
of the non-inagnetic gangue and phosphate constituents are removed, and 
twofold enrichment in grade is the residt. Washing of the brown ores of 
the South is practiced to remove excessive clay, and this method is coming 
into increasing import.aiu‘e to remove sand and clay from certain of the 
Lake Superior ores. Drying of ores is necessary in many cases, and is 
attracting more and more attention; elimination of ('xr*t\ssi\’e mr)isture 
re^sults in increased smelting economies, and in addition tlie cost n\' drying 
may be more than compensated for Ijy the saving in freiglit i harges on the 
water content. Agglonu^ration of fine ores l)y brifpietting vith binders 
of slag, tar, etc.; or luidulizing or sintering b.y j)artial fusion, are being 
successfully practiced. At present the enij)loyment of tliese methods 
is chiefly in the utilization of flue dusts formed in blast furnace oj)eration. 

674. Fundamental Principles of Extraction of Iron.—’'Fhe funda- 

mtmtal chemical principles in the extraction of iron from the or(\s are V(>ry 
simple. Heating the f)res in the presence of a reducing agent (usually 
carbon or carbon monoxide) will result in the formation of carbon monoxide 
or carbon dioxide, liberated as a gas, and nu'iallic iron, lleduction of 
rf^ oxide of iron, Fe 2 ^);i, Ijy carbon monoxide will begin at temperature as 
low as 2(X)° C., and proceful l)y |)rogressive formation of FeO and 

Fe. Reduction to metallic iron is practically comjdete at temperature as 
low as 800° C. very much bt^low the fusion point of iron, which melts at 
1530° C. when pure, and may have its fu.sion })oint lowered to 1150 or 
1200° C. by the presruice of associated elements or impurities. 

676. Ancient Methods of Extraction.- This ready rtalucibility of iron 
oxide to metallic iron at moderate temperatures was tlie basis of the 
ancient methods of manufacture with af)paratus of the siini)le liearth or 
forge type, resembling a crude Vdacksmith’s forge, and with such forced 
draught only as could be obtained from bellows, in many cas(».s hand- 
operated. A small charge of ore together with the necessary charcoal 
for fuel and reduction were heated for a sufficient time to effect, reduction 
of the iron to a pasty mass. Ores of a minimum of assf)ciated gangue 
material were selected, much of which could be eliminated by combination 
with iron oxide to form a slag ()f fairly low fusion pr)int, but necessarily 
with considerable loss of iron in the slag. The resultant mass of spongy 
iron with its entrained slag, was taken from the forge and hammered to a 
rough bloom or bar. Much of the slag wa.H thus eliminated by pressure; 
but, just as it is impossible to eliminate all of the moisture from a sponge 
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by squeezing, so it was impossible to squeeze out all of the slag. The 
product of the forge was a malleable material with varying amounts of 
occluded slag which was extended by forging into long filaments; a product 
identical in physical structure with the wrought iron of more modern 
times. 

676. Direct and Indirect Methods of Producing Ductile Ferrous 
Metals.—Since for the larger part of the iron which is used in the arts, 
some degree of its inherent malleability and ductility are desired, any 
procRS.s of manufacture wliereby the product is obtained in this condi¬ 
tion in a single operation represents the ideal. The “ direct process '' still 
makes its appivil to the inventor; actually, however, the amount of product 
.so produtied is negligil)le in a consideration of the annual tonnage. Unfor¬ 
tunately, such profiesses have many disatlvantages; intermittent char¬ 
acter, inefficicait ty|)es of furnace, high labor costs, and large losses of 
iron in the slag. And especially, becausedetrimental impurities such as 
sulphur and i)hosphoriis are only removed, or most economically so, in 
processes which bring tlie produebs to fusion, and wdicre slags of sj)ecial 
composition and volume can be formed. “ Diiect ” methods have given 
way to-day to the so-called " indirect,^' wdiereby (he nudlealde raid product 
of greatest use in the arts is the result of a two-stej) operation; a prelim¬ 
inary smelting producing a relatively crude pig iron, aiul subsecpient refin¬ 
ing or conversion of this into steel of (he desired composition and prop¬ 
erties for various uses. 

The most efficient furnace is a shaft type wliere (he fuel and charge 
to be treated are in direct contact; where thest' solid materials can br 
charged at the (op anil descend by gravity to tlie base of the stack; where 
in this descent they may meet a counter current of ascending gases, formed 
from the combustion of (he fuel near the ))ottoin of the sliaFt; and, finally, 
where uninterrupted operation is inaile possible by fusion of all of the 
products and their withdrawal from the furnace at will in the molten 
condition. Hy attainment of suitable temperatures and character of 
slags, the latter may be easily separated from the iron in the molteji con¬ 
dition, due to (he difl'erent densities and lack of mutual solubility. 

677. The Development of the Blast Furnace.—The modern blast 
furnace, whiidi emlmdies all of the above charaidcristics, is the result of 
evolution and development. The first sha^t lyi)e fiirnaees were designed 
primarily for more efficient and economical oj)eration; the product was 
malleable material, removed intermittently in the unfused condition. 
With higher temperatures resulting from increased height of stack and 
better blast, the spongy mass of iron absorbed carbon from the fuel, and 
its fusion temperature was lowered from 1500° C\ to between 1100° and 
1200°. This was l)elow the working temperature of the furnace, and tlic 
result was a molten product; but the absorption of carbon up to the tin i! 
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of saturation of the temperature changed the product from a malleable 
material to a brittle and relatively weak cast iroiij while at the same time 
there was elimination of slag l)ecause of liquation in the fused condition. 
The era of this development was about 14(K) to 1500 A.n. Tlie limited 
demand for a malleable product, however, practically nullified the advan¬ 
tages of the method until the birth of the puddling process in 1784 gave a 
refining on a scale commensurate with the cajiacity of the shaft type of 
furnace. 

B7B. Description of a Modem Blast Furnace.—In the earl}^ part of 
the eighteenth century, the blast furnace for the maiuifacture of pig iron 
was a square masonry stack, with four tuyeres near the l)ase for thi‘ intro¬ 
duction of cold blast furnished by a crude Idowing equipment. Its dimen¬ 
sions \vere about 10 ft. across by 30 ft. high, anti protluction was from 30 
to 40 tons of pig iron per week with a consumption of 3 tons of fuel per ton 
of iron. The furnaqe was usually jdaced at the side of a hill, so that 
materials of the charge could l)e hauled by team to tlie level of the top. 

Important events in the develoi^ment of the blast furnace have been 
the substitution of coke for eharc'oal at the beginning ef the eigliteenth 
century, and t he invention of th(‘ si earn engine in the lat ter ])nr\ of that 
ceidairy; both of thest^ math' j)os.sil)le larger furnaces, more; rapid driving 
ami less restriction in location of j)lant. Hot blast was introductal in the 
eaiiy part of the eight(‘(*nth century, and with tht' n\sulting increasi' of 
tempiu’ature of the hearth, thert^ was an iiicrt'ase in furmiet' productit)n 
per unit of capacity, with decrease of fuel consumption, (losing of the 
top of the furnace cnal)led the top gases to be collected and utilized for 
blast heating, boiler firing and the like. 

Developments in late years have hraai chicdly of a mechanical nature— 
enlargements of capacity, the adoi)tion of tlie circular steel shell with 
hrick lining, evolution of furnace lines a,s ilict-ated hy experience and by 
the changing character of the available ores; and most esfiecially, in the 
installation of iiiechaiiical handling apjiliances to eliminate hand labor to 
the greatest degree, and make for larger output and more economical 
operation. 

The modern blast furnace has a daily capacity from 1(K) t o 1000 tons, 
700 tons may be cnnsidenul fairly standard. Fmd consumption is approx¬ 
imately one ton of coke per ton of iron- it varies from 1700 to 3500 lb. 
according to character of ore and details of practices Furnace diameters 
are from 15 to 25 ft. at the base and the height is from 60 to 100 ft. 

A section of a modern bla.st furnace is given in Fig. 1. It is of the 
vertical shaft tyi^e, of two none frustums, with their bases together, 
and resting upon a short cylindrical lower section. The long, grad¬ 
ually outward flaring-portion furnishes the shaft for the descent of the 
charge for the absorption of heat from the ascending current of gases, 
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and for the step by step 
reduction of the ore to 
metallic iron. This oper¬ 
ation begins shortly below 
the top, and is practically 
completed by the time the 
charge reaches the part of 
the furnace of greatest 
diameter. The outward 
flare is to take care of the 
increasing volume of ma¬ 
terial due to any swelling 
of the charge, and to allow 
of easy descent without 
danger of sticking. The 
lower frustum, called the 
bosh of the furnace, is 
the hottest part and forms 
the zone of fusion. There 
is a rather sharp flare of 
the walls inwards in the 
descent in accordance with 
the diminished volume of 
material in this zone. Also 
this bosh angle tends to 
promote arching, thus sup¬ 
porting the charge column, 
and to contract the base of 
the furnace to the diameter 
needed for the crucible and 
for penetration of the IdavSt. 
The lower cylindrical por¬ 
tion is the crucible, or 
hearth, and serves as a 
reservoir for collection of 
the iron and slag between 
the periodic taps. 

The upper shaft of the 
lurnace is of steel-plate 
construction and sets upon 
R “ mantle ring in turn 
supported by 8 to 12 
Kolumns. This portion is 
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lined with fire-brick to a thickness of 4 to 5 ft. The bosh zone in 
general is of brick work from 2 to 3 ft. thick, and without a metal shell. 
Support is furnished by a series of heavy steel l)ands, aiul several rows of 
“ bosh plates through which water is circulated are set in the brick 
work to assist it in withstanding the high temperature of the fusion zone. 
The crucible is surrounded by a heavy jacket of segmental steel castings, 
and has a fire-brick lining about 3 ft. thick. 

The blast is introrluced through S to 10 tuyeres, or nozzles, made of 
bronze or copper, and water cooletl; these are c'oniH'cted by suitable pipits 
to the large blast main surrounding tlu' furnaet' and eonnectiMl with the 
stoves and blowing engine. At the lower l(‘va*l of the crucible is ihi^ tap 
hole, from which the pig iron is run into sand btMls or large ladh*H. Just 
below the tuyeres is a “ cinder ntitch ” through whicli th(‘ slag accumu¬ 
lated between taps of iron can be Hushed. Ne:ir tlu' top of the furnace 
are one or two openings for the escape of th(‘ gases. These gases are led 
by a pipe to the stoves, boilers, anil other points of (‘onsumption. The 
top of the. stack is clos(‘d by a conical bi‘ll and liopper; ui the most, modern 
furnaces this is double, to prevenl escape of gas which would occur iluring 
the lowering of a single bell in charging. Old furnaces wvrv charged by 
hand buggies taken to the top hy an elevator. Modern construction is 
an inclined bridge up which skips are hauk'il and automatically dumped 
after being filled at pits at the base of the furnace, 

Typical dimen.sions of a modern blast furnace of 1000 tons daily 
capacity are—crucible, diameter 24 ft., bosh, 20 ft., bi41, 14 ft., height, 
90 ft. Such a furnace would riajiiire daily about 3500 tons of charge mate¬ 
rial—ore 2000 tons, coke 1000 tons, flux 500 tons. Tliis material is charged 
at the top in alternate layers as required to keep the furnaci* full. The 
molten iron is tapped off every five hours and cast into pigs of 150 lb. 
weight or taken away in ladle cars for conversion into steel. The slag, 
which may be of greater total weight than the iron, floats on top of the 
iron, and is flushed off at intervals and u-sually dumped as waste material 
either molten or after water granulation. Some of the slag finds outlet 
in cement making, for road ballast, and for various other uses. 

679. Accessories to the Blast Furnace.—The* top gases are combustible. 
They contain carbon monoxide diluted with much carbon dioxide from 
the reduction of the ore and dr'composition of the limestone, and large 
volumes of nitrogen derived from the air of the blast. This gas is freed 
from dust to var^dng degrees by dust catchers, scrubbers and washers, 
and used in part for heating the blast; the rest is available for power pur¬ 
poses. The air blown into the furnace is preheated to about 500 to 600° C. 
by four stoves, Fig. 1. For the 1000-ton furnace noted above each stove 
would be about 20 ft. in diameter and lOQ ft. high, consisting of a steel 
shell lined with fire-brick and containing a combustion chamber and a heat- 
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absorbing chamber of fire-brick checker work. The stoves operate on the 
regenerative principle—combustion of the gas for one hour results in 
sufficient heat absorption to enable each stove to heat the entire cold blast 
for one-half hour. With four stoves per furnace, one heats the air, usually 
two are on gas and the fourth is held in reserve. 

Besides the accessories used in heating and cleaning the blast, power 
is needed for orehandling and for pumping the enormous quantities of 
water used for cooling. Also 4500 to 5000 horse-power is required for sup¬ 
plying the 70,rK)0 cu. ft. of air required per minute for a 1000-ton furnace. 
Blast pressure is about IK lb. per square inch. 

680. The Essential Reactions in Extracting Pig Iron.—The under¬ 
lying chemical principle in the extraction of iron from its ores is com¬ 
paratively simple. The ores are oxides in the natural state, or converted 
to oxides by preliminary roasting or calcination. The problem involves 
reduction of an oxide (ore) by a reducing agent (C) with the aid of heat 
(combustion of C). The ideal reaction would be 

2Fe203+3C = 4re+3C02, 

requiring 36 units of carVjon to yield 224 units of iron, or a ratio of 6 iron 
to 1 reducing agent. In addition to the aViove, there would bt* needed 
the heat required for continuance of the above reaction, .siin‘e that fur- 
nisVied by the combustion of carbon to carbon dioxide is only f of the 
quantity necessary to dissociate the ox 3 ^gon from the union with tlie iron. 
Also if the resultant iron is to be fused, together with the associated 
gangue of the ore, still more fuel would be required. Actuall,y the con¬ 
ditions in the blast furnace result in variation from the reaction cited 
alKive. The ore and coke are charged together at the top of the fuinace, 
and descend slowly through the shaft in contact. No combustion of the 
fuel takes place until it reaches the air supply at the tu^^ere zone, vhere 
intense heat,generation results. The products of combustion pass rapidly 
up the stack, giving up heat to the charge in their ascent and causing a 
teinf>erature gradient in the furnace from 1600'’ C. in the tuyere zone to 
200-300° C. at tlie top of the furnace. The carbon dioxide formed at the 
tuyeres undergoes almost immediate change to carbon monoxide in the 
presence of the large coke Vied, and as such jiasses upward.^ through the 
stack. As a gas, it has great penetrating power; furthermore it will 
begin to reduce iron oxide at temperatures as low as those of the bias;, 
furnace top, and will practically complete the reaction at temperatures 
at which solid carlion begins to act. Consequently, although the ore 
ami carbon are in contact, with ores of rea.sonalily porous texture, the 
reduction may be considered as effected through the agency of the carbon 
monoxide. The ideal reaction is: 

re203+3C0 = 2Fe+3C(t.. 
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Under these conditions there wouhi result 112 units of iron for each 
36 units of carlion, or a ratio of 3 to 1. Unfortunately, conditions of 
chemical equilibrium govern the approach to the ideal which can be 
obtained, and experience indicates that with the tein/»eratures, pressures 
and materials prevailing in the blast furnace, the rat^ of carbon monoxide 
to carbon dioxide is usuallv about 2 to 1. The blist furnace reduction of 
iron may be typified approximately as follows; 

re20;j + 9C() + 1 7.1N = 21 \‘+ 6C0 3C02 + 1 7. 1 N. 

The result is a production of 112 units ii’on with the consumption 
of 108 units of carl)on, or an ai)pi()ximate^’idio of 1 to 1. The cumlais- 
tion of the 108 units of ciirboii to UO in tU lovtne zone results in suihcient 
heat generation to fuse the iion and slaa ^od iji the surplus heat needed 
to complete the reactions in the u|)per^oiio« of the furnafe. Passing from 
the shaft is a gas which has consi(f'"^^^f' comlnistible value because of thi? 
high carbon monoxide ratio, but^''^iit*h is diluted by the (arbon dioxide 
and particularly by the large vdumcs of inert nitroge i accompanying 
the oxygen in tlie air lilast. 

The simple equation of red^i^^i given above is com plicated liy the 
successive stages taking placeP^ zones of descent, by the ehaiiges 

accompanying varying physica oi charge and atmosfiliere, and 

by the reversibility of reactio'’ foiiditions of ehemieal equilibrium ass 
influenced by mass relations. 

In actual lilast furnace ratios are subject to eonsirlerable. 

variation with varying rieh'‘‘^^‘^ ore and coke ami details of furnace 
construction and operation, 1600 to 2600 11). of coke and from 700 

to 1200 lb. of limestone pr f^^'oss ton of pig iron is about the range for 
modern furnaces working q Superior ores. In ][)15 the averages in 
pounds per gross ton of constituents of tht' charge in the blast 

furnaces of the United Ste‘‘" as follows: 


C’okiv 

I.illlr'.sl rillc. 1 ( 

1 

1 

('jurlrr, i-li;. 

22ry:' j 

1107 j 4I2.S j 

:vM 


In Fig. 2 is given a tgraiiimatic representation of the typical reactions 
of the blast furnar*e, gether with tlie weights of the several materials 
making up the charge*^^^ products. These are based upon a dry ore 
containing 60 per cr containing 87 per cent carbon, pure 

limestone, pig iron ^ carbon and 1 per cent silicon, and 

a tunnel head gas of to 2 parts CO, by volume. Beginning at 

the upper left corner diagram and following the sequence of figures 
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t<) tho right, one ob.scTVcH how the ore, coke and limestone are affected as 
they gradually move downward in the furnace, also how the gases are 
transformed at they pass upward through the charge. 

681. The RedAction of Impurities in Iron Ores.—^Besides reducing iron 
ore to the inetallie fc^.ate, the blast furnace causes a variable reduction of 
the constituents of thtgangue, flux, or fuel, and an absorption of the lib¬ 
erated metalloids by the'ron, to its benefit or detriment. By regulation of 
temperature and slag chuacteristics, the blast furnace manager has a 
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I E- r. S' n r.. "• U| wriahli. 

Thrnal Fr, □, Ff, O, FbD Fb jjaO DO 00, Nlln»B«a CN 




- IWB IDID ' S34fl uaa' noma 

UL 

!ii!^ 

Ill, 

ir* 

2R' 

mi 



J 

3 

- 

n 

imiBi 



~4W 1 

jas: J 

.WSI' ' 

- 

_ 

mm 


Bfi 

m 


ill 

_^V- 



■HI 

■HIB 



Bodi^tr 

1 

■ 


Si 

i 

B 

1 

li 

M| 



1^1 

111 


1 

n 

hCo' 1 



wm 

I 

i 

1 


91 



mm 


■ 





B 

■ 

laj 


' • 0 

^ ; v>;. 0 

--vrsK -c 

Bi 



■ 

■ 


■ 

4l' 




B 

1 


1 


H 



r 



m 

8B* 

i»o' 

1 I 

I 

1 

1 

3 


11 



B 

1 

1 


1 

w' 

1 

■ 



1 

■%v 

1 

11 



H 

1 

1 


1 

23ii 




li 

\m 


Ll 




mmmi 

9 


Fia. 2—Showing CliHiiKPS wliirh Oitnir in Furnar.e Charge. (From 

Campbell's Manu/aclure and Prujier!^ ^ 


coii.sidpra))lp dogiTP of lontrol over certain 4hpsp. Carbon i.s taken up 
from the fuel in the fusion zone in fairly 31 

The peif^eiitaKe varies with the amounts af,tj,er elements in the iron; 
silieon decreases total carbon; manganese i'-pases it. Whatever phos¬ 
phorus is present in ore or fuel is readily rei..p(j eip,„pntal fonn 

and absorbed by the iron. It cannot be coi.fjUpjj reducing 

conditions of the blast furnace, and appears ii jjg patent 

which it may be present in the charge. Thc^^pg^^pp pf phosphorus is 
detrimental in steel-making irons, and in caSppjjg except where eon- 
sidcrations of fluidity overtop those of strength. 

Manganese is present to varjing extent in ^ 
it is reduced and appears in the iron, the amou varying with the quan¬ 
tity in the ore and running conditions in the fun.^ ordinarj- grades 

of pig iron, control of furnace conditions is nOpgulated by manganese 
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consideration; the relative amounts in iron and slag are the result of con¬ 
ditions determined by elements more vitally affecting quality. 

In ordinary grades of pig iron silicon is desired in fairly fixed per¬ 
centages, varying from 0.75 to 3.5 per cent according to use. With in¬ 
creasing temperature in the hearth zone, there is increasing tendency for 
reduction of SiOz by carbon; offsetting this is the strong affinity of lime 
or other bases to unite with SiOz to form silicates. Such silicon as is set 
free in the metallic state is absorbed by the iron; unreduced SiOz forms 
part of the slag. High silicon in the pig iron results from high tempera¬ 
tures of mnning (usually the accompaniment of higher fuel ratios). Slags 
of high basicity, that is with the lime or other strongly l)iusic flux held to a 
maximum, tend to retard the liberation of silicon. 

Sulphur is an undesirable element in most iron and steel, in amounts 
exceeding about 0.10 per cent. And since the aniourt present in ores of a 
blast furnace charge may approach 1 per cent, and since the removal of 
sulphur is best effected under reducing conditions, its elimination by 
profKjr control of blast furnace conditions is a most iiojairtant function 
of operation. As iron sulphide it is absorbed l)y the iroii; as calciuni sul¬ 
phide it will be dissolved by proper slags; elimination from the pig iron 
depends largely upon the formation of calciuni sulphide. Excess of lime 
above the amount needed for complete satisfaction of the silica (neu¬ 
tralization of acid by base) togetlier with high teiujienituie, favor the 
reduction of lime (CaO), in which case the free calcium will take hold 
of any sulphur to form calcium sulphide, which is soluble to limited extent 
in the hot, limey slag. Low sulphur pig iron is the result of high tem¬ 
perature furnace operation with high-lime (basic) slags of sufficient quan¬ 
tity to ensure solution of all of the calcium sulphide fonned before the 
saturation limit is reached. 

B02. Grades of Pig Iron.—Analyses of tyiiical grades of pig iron are 
given in the following table. It will be noted that the carbon content is 
not given. Although it is the most important element in cast irons, its 
percentage is fairly constant—3.5 to 4 j)er cent—in pig iron, and is 
largely governed by the amounts of other elements, as noted heretofore. 

Foundry irons are intended for the manufacture of iron castings. 
Softness and soundness are desired with reasonable strength. Increasing 
the silicon content promotes the formation of graphitic carbon, and thus 
tends to increase softness. Sulphur promotes formation of combined 
carbon, and tends to increase hardness. High phosphorus decreases 
strength but increases fluidity and therefore is of value in the manu¬ 
facture of thin castings, stove-plate, etc. Foundry pig irons are of higher 
grade (and value) with increasing silicon and decreasing sulphur content. 
Gray forge iron is a lower or off grade of foundry pig, often used in 
puddling. 




540 


REDUCTION OF IRON FROM ITS ORES 


Malleable Bessemer pip; iron is intended for the production of malleable 
cast iron. Silicon is held within reslricted limits to ensure a hard white 
casting which will be subsequently converted to the proper soft gray tex- 



Si. 

s. 

C. 

Mn. 

No. 1 Foundry. 

2-a 

<o.oa5 

n,.') 1.0 

<1.0 

No. 2 I'^ounilfy. 

2 - 2.5 

<0.045 

0 5 1.0 

<1.0 

No. a Fniiinlry. 

1.5 2 

<0.055 

0 5^1.0 

<1.0 

Gray . 

<1 .5 

<0 100 

<10 

<1.0 

MfilUiahl e l)ibSMi*/n ur . 

0.7.V1.5 

<0.050 

<0.20 

<1.0 

HnH.seiiicr.. 

1-2 

<0.05 

<0 10 

<10 

Ba.iir. 

<1 

<0.05 

<1.0 

<1.0 

Ba.sir, Bc,.s.si'riifT. 

<1 

<0.05 


12 


< =l)di)\v t)r less thiiii 


ture by annoMliriK. IMiosphoiiis is kopt low becausr t)f stronKth consid¬ 
erations, Ijut nol loo low to destroy fluidity in casting. 

Bessemer pis iron has a silicon content sufficiently high for the fuel 
requireiiieiit of tin* jicid liessemer stccl-mriking process. Phosphorus must 
be below the limiting amount for a satisfactory steel. 

Basic, |)ig iroFis are int-cjided ror steel making by basic processes in 
which pho.s|)liojus can be removed. Economic slag conditions necessi¬ 
tate low siliiain. In the basic Bessemer method high phosphorus is needed 
for its fuel value; it is not t'ssential in the basic open-hearth method. 

6B3. Slags. Blast-furnace slags will in generid have a silica plus 
alumina (Si ()2 + Alii( > 3 ) content about equal to the lime plus magnesia 
(CaO + MgO), and these four constitueids will form al)Out 1)6 per cent of 
the totid slag. Typical analyses will show Si() 2 , 2 r) to 50 per cent; AI 2 O 3 ; 
5 to 20 par cent; 25 t o 50 i)er cent; MgO, 0 to 25 per cent. 

5B4. The Efficiency of the Blast Furnace.—As a utilizer of heat the 
modern blast furnace is one of our most eflif ient types of furnar'e. Th(‘ 
heat V)alance of a furnave of 550 tons daily capacity is talailated on p. 541. 

It wall ))e noted from the heat balance sheid that account is made of 
the heat energy of the dry top gas(*s flue to their temperature only. If 
account is mad(' of the combustion energy in the carlmn monoxide in the 
top gas— 1 ),()()(), 00 () B.t.u.—it api)ears that pei* cent of the total avail¬ 
able heat energy in the furnace is utilized in reducing impurities in the 
ore, that 19 ihm- ceid is lost through opeiations of a secondary character 
and that approximately 48 per cent passes out with tlie lop gases. Of 
the latter amount about 41 ]KM' cent is usable. About 20 per cent of the 
total heat energy is needed to run the stoves, which having an efficiency 
of about 50 piM' f'cnt return 10 |hm* cent to the furnaf'e. Consequently 
31 per cent is available for |X)W'er. With steam boilers and engines, 
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all of this surplus is needed for the hoisting, pumping, and blowing require¬ 
ments of the furnace. But with large plants and efficient gas engine 
installation, about 25 per cent of the total energy of the fuel is available 
for surplus power after [)lant requireiiients have been satisfied. This 
approximates 4S,0(J0 theoretical horse-power of surplus power for a furnace 
of the capacity considered. If the gas were used to drive gas engines 
about 15,000 horsc^-power eoultl be developed. 
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CHAPTER XVIII 


MANIJIACTURE OF WROIiriHT IRON AND STEEL 

586. Introduction.—Of the total annual production of iron and steel 
in the United States, about 80 per cent is steel and the remainder cast 
iron. AlthouRh direct production of the steel from the ore is feasible, and 
Bcemiiiqly would be advantageous, in view of the proportionate magni¬ 
tude of its consumption, economic considerations have determined that 
present practice should reduce practically all of the ore to the form of 
crude pig or cast iron, as one step in the manufacturing process; then 
convert this product into steel by refining or purification as the second 
s^op. Typical analyses of crude and finished product are as follows: 



t; 

Si 

s 

V 

Mn 

Pig iron. 

.4.5-4 

1-4 

0 .0:1-0.12 

0.05-1.0 

0..50-1.0 

Stool. 

0.10-0.7.5 

0.0.5-0.20 

0.0.4-0.07 

0.04-0.10 

0.40-0.75 


Service requirements of strength and ductility necessitate the reduc¬ 
tions of the amounts of the elements in the pig iron, in particular the 
carbon, silicon, and at times the phosphorus, to the lower limits prescribed 
by experience. 

6B6. The Purification of Pig Iron.—Oxidation is the essential chemical 
principle upon which processes for the conversion of pig iron into steel are 
based. The accompanying tabulation shows the principal reactions and 
the quantities of heat thus generated. 


lli’arlinnii. 

Tai^ohikh of IIkat CiFKF.KATF.D. 

Pit Kr. of Mi'tiil. 

Pit Kg. of Dxygcii. 

Si+D, = .SiOi. 

0428 

5625 

Mn+0 = Mii0. 

1654 

.5681 

c+o = co. 

2440 

1823 

Fe-hO-FeO. 

1173 

4106 

Pa-l-Ch = rA)B . 

5703 

4562 


.542 
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Oxygen will unite with silicon to form Si02, and manganese to form 
MnO, both of which products are insoluble in the molten iron, and because 
of lower specific gravity, will rise to the top as slag. The silica (SiOa) 
will in turn unite with tlie inanganese oxide (MnO), or any other basic 
constituent, such as iron oxide (FeO) or lime (OaO), to form stable sili¬ 
cates of a more fusible character than the constituent radicles. Carbon 
will oxidize to carbon monoxide (CO) (or to CO 2 at times) which will 
bubble through the bath and escapf* as a gas. The relative order of affinity 
for oxygen is about as given in the above list of reactions. After the sili¬ 
con, manganese and carbon have been eliminated, iron will oxidize to 
FeO, a very small proportion of which is soluble in the inolti'ii iron ; the 
greater part, however, rises to the top of the bath and becomes a basic 
constituent of tht' slag. Phosphorus will oxidize freely to the gas P20ri: 
but under the conditions prevailing in the st(‘el-making oix‘ration, this 
element will not be eliminated urdess it is locked up in the stalh> form 
of calcium phosphate (Ca0)jP20ri. To accomplish this end, lime addi¬ 
tions to the bath are necessary, and form the essential feature of the basic 
process, which will be discussed more fully later. 

The oxygen needed in the reactions may be obtained from the air; 
or it may be gotten by adding Fe^O:? to the bath, in which case the t)xygen 
is seized by the silicon, manganese, or carbon, and the liberated iron 
becomes part of the resultant steel. A significant feature in the tabulation 
of reactions given above, is the heat lil)r*ration accompanying each. All 
of the elements which it is desired to (‘liminate from the iron have a fuel 
value, in most instances greater than that of carbon itself. With proper 
details of combustion these fuel values may be utilized not only to supply 
the heat dissipated during the interval of refining a molten bath of cast 
iron, Vnit in addition to furnish the increment of heat needed to raise the 
temperature the several hundred degrees necessary to ensure fluidity in the 
final steel. To illustrate: A ton of coal may be burned so slowly and 
inefficiently that there wall be barely appreeiabh; liberation of heat and a 
maintenance of temptrrature hardly sufficient to ensure continuous ignition 
and combustion. On the other hand, by rapid combustion with forced 
draft in an efficient type of furnace, heat lilxiration and temperature is such 
that iron or other refractory sulistances may be melted. The total 
quantity of heat is in both instances the same; temperature rise is the 
result of rapidity of generation and effectiveness of utilization. If oxida¬ 
tion of the elements in a bath of pig iron is sufficiently rapid, temperature 
rise may result; if slow% rate of heat generation may not equal that of its 
dissipation, and fuel from other sources may be required to keep the bath 
molten. 
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^^THE MANUFACTURE OF WROUGHT IRON 

BBT. History.—Mt)jlern stool-nuikiiiK niotiiod.s werti preceded by the 
puddlin/^ process, invented l)y C’ort in 1784, iinjjrDveil l)y Hull in 1830, and 
pfirsisting to the present day, although it went into the background 
with the inception of the Bessemer process and the "Age of Steel," in 
1856. Puddled iron is to-day about 2 per cent of the annual output of 
iron and steel. 

68B. Methods of Manufacture.—The puddling operation is carried out 
in a reverlx^ratory furnace with rather small hearth and large grate area to 
ensure the working temj)i*rature desired. A longitudinal setdion of such a 
furnace is given in Fig. 1. 

The fiirnac^ti has a dish-shapiul hearth consisting of a cast-iron 
iMittoiii phite on which is fused about two to three inches of prt)- 
tecting cinder, essentially oxide of ii’on. Tht^ sides ami emls are liiietl 

with iron ore. Hide 
doors are provitled for 
handling the charge 
and product, and for 
rablding the batli dur¬ 
ing tln‘ refining opera¬ 
tion. The furnace has 
a low-hanging arched 
roof of refractory brick. 

Fic. 1 . —SlunviiiK Principle of riiililliiig FuiTiacc. i f'^cl is usually l)i- 

t urn in 01 IS coal, prideia- 

bly of low sulphur percentage and of high volatile coidtad. to ensure a 
long flame. Heating of the bath is acconiplisheil laitirely by the 
temiKM'ature of the gases ami by their combustion over its surfata*. 
The products of combustion escape to a stack, necessarily at liigh 
tem|x>rature. To save some of the heat, waste heat boilers are often 
instalhal aliuve the furnace, and the furnace gas(\s pass through the 
boiler flues before they enter the stack. Natural draft is used, and 
there is no prelnailing of the air used for combustion. 

The capacity of puddling furnaces rangt's from 300 to 1500 lb. per 
heat; in giuua-rd about 600 lb. Pig iron of white or mottled grade, and 
known as forge or mill iron, is chargtal on the banks of the hearth, together 
with some old slag or iron oxide to furnish a slag blanket for the bath, 
and to serve as the basic constituent of the new slag and as oxidizing 
agent in the refining. 

A single heat taki's alnuit one and a half hours. Aftiu' melting 
of the charge, iron oxide additions are rabVded into the bath and serve 
to remove practically all of (he silicon and manganest* and SvHiie of the 
phosphorus into the highly basic iron silicate slag, thus formed. Carbon 
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is next oxidised to carbon monoxide, and in bubbling through the bath 
causes much boiling anil agitation. These operations take up somewhat 
over two-thirds of the time of the heat. With elimination of carbon and 
close approach to purity, the fusion point of the cliarge becomes raised from 
about 1200° C. to 1500° C. The furnace temperature, high enough to melt 
do wn the pig iron and keep the charge molUm during the greater part of 
the time of refining, is not sufficiently high to fuse the refined product, 
and it solidifies to a pasty mass, which can be worked into balls of a 
weight of a couple of hundred pounds. These balls are removed from 
the furnace dripping with slag, which is fluid at the finishing temperature. 
This fluid slag is largely removed bj' an eccentric roller squeezer, and the 
l)loom thus formed is rolled into flat "imick bars” about J liy 3 in. to 6 in. 
in cross-section. 

The results of the conversion operation are as follows: 
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r 

M11 

rig in in. 

AN'nmpiht iron. 

3,5 -1.25 
(1.02 0.10 

1-2 

0.10 0.20 

0 o:v 0 10 

0 01 0 015 

0 .50 1 DO 
0.0.5 0.20 
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Coiisidi'rable of the silicon, phosjihonis and manganese in the wrought 
iron is associated with the 2 to 3 per cent of occluded slag which is not 
removed in the squeezer. The slag contains 00 to SO per cent of the oxides 
of iron, 15 to 30 per cent of silica, together witli the oxides of manganese 
and phosphonis. 

Further density and homogeneity is imparted to the iron by hot 
rolling of the muck bars. Thus rtfineil bnr inrn is made by cut ting muck 
bars into eciual lengths, stacking them parallel in rectangular piles, binding 
with wire, and rolling to size. Scrap bars of wrought iron of length equal 
to the muck bars may also be included within the pile but no steel is per¬ 
mitted. Double-refined iron is made entirely of muck bars which are 
twice piled and rerolled with all bars in the final pile of length equal to 
the pile. In plates and sheets the ductility and strength in the transverse 
and longitudinal directions can be made more unifimn by rolling in both 
directions. The methods of rolling wrought-iron shapes are similar to 
those given in Ch. XIX. 

Aston’s Process for making wrought iron, put into op<;ration at the 
A. M. Byers Co. plant in 1930, is a less expensive method of producing 
high-grade wrought iron than the puddling process. In this process pig 
iron is continuously melted in cupolas and tapped into ladles, where it is 
desulphurized. It is then purified in a Bessemer converter and poured at 
a controlled rate into a ladle containing an iron silicate slag. 3'he slag 
is made in an open-hearth furnace from iron oxide and silicious materials. 
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Owing to the lower tempw^rature of the slag, the iron is rapidly solidified 
into pasty particles and also freed of gases. The particles agglomerate 
in the bottom of the ladle into a 3- or 4-ton sponge ball impregnated with 
slag. The sponge ball is then squeezed in a press which ejects the excess 
slag and welds the ball into a bloom. Subsequently, the bloom is rolled 
into desired shapes. 

. 689. Kinds of Wrought Iron and Their Uses.—Pure wrought iron, as 

above descril>od, on account of its good welding properties and resistance 
to corrosion is in considerable demand for blacksmith stock, welded pipt^ 
roofing sheets, crane chain, staybolt iron, and as a base for high-grade tool 
steels. 

In addition to the aljove-mentioned typ(‘s of pure wrought iron, the 
following thrr‘(‘ varitdies of the product may or may not contain additions 
of steel scrap: fagoted iron, busheled iron, and charcoal iron. 

Fngotrd iron is hoi rolled from hox yiilos tho oiihside.s of whirh aro fornirrl from 
murk or soft sUmI idiiirs and Ihr inferior of .scrap wroiiRlii iron or .soft sterl. If 
thi*. .stork in all wrouglit iron a homogriirous jiroduri of good r|viality may n'.sult, but if 
thrrr ls much .scrap .steel in the box piles the iron is likely to be of poor quality. This 
product is often inadi^ into merehaiiL bars and f)lates. 

BuHhcled iron is made in much Ihe same way as murk-bar iron exreptinp; that the 
metal ehargt'd is wrou^ht-iron scrap, steel scrap or a rnixturi' t)f both. On account 
of the variiiljility in tiu^ compn.sition of the scrap it is not as liomoKrneous as j)uddled 
iron. Ihishcled iron is considi'rably used in making ammitm iron jilates and slu'ets 
where forging and weliling properties are of minor iinporianci'. 

Charmol iron is made eithiT from eharroal pig iron or from wrought-iron .and .sieel 
sK^rnp. f^h.ircoiil pig iron is inaile by renielting f)nlin!iry pig iron in a hearih he.'iied 
by cluircoid. It is inui'h used in ►Sweden for the prod u cl ion of the famous high-grad 
wrr)Ught iron of that country. In Amiaica. mo.st of the cliarcoal iron is made by remelt¬ 
ing wrought-iron and si eel scrap in eontact with a eharr oal (ire. Thi.“ is gi'iierally done 
in a knobbling or sinking fire where (he metal is ehargeil on the bottom of the hearth 
iind tht* charcoal fui'l placed above it. During smidting the furnaci'-man continually 
lifts the metal to permit oxidation of imporitit's by a strong air l)last. ’^riu* latter i.s 
admittiMl through a tuyere plarerl on the side of the hearth. Kiinlrblerl charcoal iron 
is frc’nT from slag and more ductile than ordinary jniddled iron. It is surpa.sseil, how' 
ever, in both res])ects by Swedish charcoal iron. Knoldded ch.'ireoal iron is u.sed in 
milking crucihle steel and is a gooil material for stay-l)olt.s, engiiu'-bolts and idher forin.s 
requiring a tough, ductile iiudal with high resistance to corrosion. It also posse.s.ses 
excellent forging and welding propc'rties. 
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690. Classes of Processes.—The proiiiiiieiit present-day steel-making 
processes are as follows: 

[ acid 

[ basic or Thomas-Gilchrist. 

Oixui-heailh or Siemens- | acid. 

Martin 1 basic. 


Bessemer or Pneumatic 



STEEL MAKING 


647 


The distinctive difference between Bessemer and open-hearth proc¬ 
esses is essentially one of type of apparatus to effect the conversion; 
while the acid and basic methods, adaptable to either Wpe of equipment, 
differ in the chemical reactions involved, and in the resultant character 
of refining and elimination which may lie effected. 

The fundamental difference of acid and basic processes is the type 
of slag; in the former, slags of acid characti^r, that is, high in Si02, or 
with the silica unsatisfied, are formed. And since any unsatisfied silica 
in the slag would tend to reach saturation by attacking any liases with 
which it might come into contact at high temperature, t\u\ refractory 
lining of the furnace is made of acitl material (silica, gannister, mica 
schist, etc.) to prevent scouring. Witli acid slags there is no nlisorp- 
tion and lioldiiig of jihosphorus w'hicli might tend to be oxidized during 
refining. The acid proc(‘SS will not eliminate phosphorus. 

The l)asic process provides basic slags, usually V)y lime additions 
in sufficient quantity to more than satisfy tlu^ silica :.nd to have the 
basic constituents predoiuiiiate. This (‘an only be eiisiirf'd by lining the 
furnace with basic refractories (magnesite, dolomite, etc.) since any excess 
base would tend to neutralize itself by scouring an acid lining with which 
it might come in contact at high itaiiperatiirc. With excess of lime in 
the slag, phosphorus aft(‘r oxidation to P^Or,, unites with such lime to 
form the stable phosphate (('a())^P 2 ().'i, which in turn is absorbwf by the 
slag. The basic process will eliminate phos|)horus; likewise l)y proper 
conditions of working, tlu^n^ is a slight oxidation of sulphur, and some 
further elimination as calcium sulphide. 

The Bessemer Process 

B91. Principle of the Process. —The Bessemer process was introduced 
in 1856. It depends upon the essential piiniiiple of sufficiently rapid 
oxidation of tlie elernents—Si, Mn, and C—which it is desired to remove 
from the iron, to keep an initially molten bath fluid throughout the whole 
of the refining operation, and deliver a molten product. In such case, 
because of lack of mutual solulhlity and difTereiices of specific gravity, 
the slag separates froin tlie steel by flot ation, and the latter (unlike wrought 
iron) is free from this constituent. 

692. The Converter. —A cross-section of the Bessemer vessel is shown 
in Fig. 2. it consists of a steel shell in three detachable sections—bottom, 
body, and rose. The body section is cylindrical, while the nose tapers 
to a relatively small opening, in order to conserve heat, prevent excessive 
ejection of metal and slag, and to provide for proper handling of metal 
in charging and pouring. The nose section may I)e concentric with the 
body axis, or set eccentrically. The several sections are held together by 
means of stirrups and wedges, in order that they may be readily separated 
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in spite of hsat and slaR accumulations. The shell is supported on trun¬ 
nions, one of which is hollow to allow of the bla^st being kept on regardless 
of the position of the converter. A pipe leads from the hollow trunnion 
to the wind box at the bottom of the vessel. The converter is tilted by 
means of a pinion mf)unted on the trunnion^ and rotated by a hydraulic¬ 
ally oyMnated rack. 

Bessemer vessels are built in sizes from ^ ton to 25 tons capacity per 
heat; in general 10 to 25 tons represents the customary steel works size. 
In acid working, thi^ body and nose are lined with a 12-in. thickness of 
rammed ganister, or blocks of mica sehist or other silicons material. The 
i)ottoin section is a pan, with rammed silica lining about 2 ft. thick. In 



this l)ottoni are set 15 or 20 silica refractory tuyeres, each provided with a 
dozen more holes from 2 to J in. in diameter. A clay joint is made 
in k(\ying the bottom to the body, to prevent leakage of metal. The 
l)ody lining lasts for 10,000 to 20,000 heats, or a j>eriod of several months. 
Tlie l>otlom is worn away in 20 to 25 blows, or a period of five or six 
hours. This is due to the fluxing action of the iron oxiile formeil at the 
liottom immediately upon entrance of air through the tuyeres. I'acili- 
tk)B are provideil for rapid change of bottoms. 

593. The Acid Bessemer Process.—The charge for the converter 
must be molten. The pig iron may be melted in cupolas, but is now 
usually Virought in ladle ears from large mixers or reservoirs of 200 to 600 
Ions capacity (Fig. 3), the mixer in turn taking its hot metal from the blast 
furnace. In this way there is no confusion or delay in working because 
of the large costs of the lilast furnace at six-hour intervals, and the rela- 
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tively small charge requirements of the converter at fifteen-minute inter¬ 
vals. Also, irregularities of composition of the different blast-furnace 
casts are equalized for the Bessemer heats. In charging, the converter 
is tilted to a horizontal position, and the hot metal charge poured in; the 
blast is then put on, the vessel turned upright, and the heat blown. The 
blast pressure is about 20 to 25 lb. per square inch in boltoni blowing 
and the metal is kept out of the small tuyere openings by this prt'ssure. 

The time of blowing is about twelve minutes; for the first few min¬ 
utes silicon and mangajiese are chiefly oxidized, and form slag. During 
this interval there are iron sparks and slag ejeetioiis, but no leal flame. 
Then carbon begins to oxidize in the converter to carbon monoxuie, and 
l)urns at the nose of the vessel to caii)on dioxide with a flame whiifli in¬ 
creases in intensity, and is accompauiial by tlie roaring bf)il of tlie bath 
as the gasiis go through it and agitate it. Afti^r several mimiti‘s, tlii‘ flame 
flickers and drops, a sign to the blow^er that Ilu‘ eaiTon is j)ra(flir*ally burnt 
nut of the bath. Witli the drop of the flame, the convert er is tunu'd dowm, 
the blast is cut off, and the metal is east aftia* thi' propei aihlitioiis have 
been made. 

In American practice, the blow" is of)ntimied until practically all 
of the silicon, manganese and carbon of the l)ath have Ihh'ii eliminated. 
During the interval, iron oxide is formed, and in the absemu^ of tlu' above 
eleinents, there is no cliance for its reduction to iiK'tallit; iron at i\m end 
of the l)low", and a small in’oportioii remains dissolved in the iron of the bath. 
Also there is saturation of the l)ath in dissolved gases. A lic^at- poured 
in this condition would result in rotten steel unsuitable for rolling or forg¬ 
ing. The remedy is deoxidation with ferrosilicoii and mallgail(^se idloy 
(ferro-marigaiiest* or spicgeleiseii) added wfliih^ t(HMiiing the steifl into the 
pouring ladle. The silicon and manganese rob the iron of its oxygen, 
and separate as oxides (insoliil)le in the liath of stei'l) into the slag. The 
manganese, also, if in sufficient quantity, unites with sulphur to form 
manganese sulphide (MnS), which remains in the ingot but in a form less 
conducive to red shortiies.s than that rtvsulting from iron suli)hide. 
Final “ killing or quieting of the heat is effected l)y treatment with small 
amounts of aluminum throwm into the ingot mold during casting. The 
manganese alloys, which carry several per cent of carbon, serve also as 
recarburizers to bring the carbon content of the steel to the amount 
required by the specifications for varying character of service. The 
extent of conversion is about as follow"s: 



n 

Si 

s 1 

1 

V 

Mn 

Pig iron 

-4 

11 .2.') 

0.05 

0.00 

0.50-1.75 

Steel. 

O.lO-U.Ot) 

n. 05-0.20 

0.05 

0.10 

0.30-43.50 
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The silicon and manganese values in the steel are the amounts of 
those elenu^nts rciiriaining alloyed with the iron, in excess of the require¬ 
ments for de()xidation. Carbon is added to the limits of specifications; 
sulphur and phosphorus arti not removed during conversion, and are in the 
steel in grf;at('r amount than in the pig-iron charge, because of concentra¬ 
tion due to the conversion loss daring blowing. 

The carbon in the pig iron is in fairly constant amount as it comes 
from the blast furnace; while the manganese content is largely a character¬ 
istic of the iron ore used. Silicon, being the essential fuel in converting, 
is held to close limits; below 1 per cent there is liability of cold heats, 
while with rapid and efficiiait blowing a silicon content much in excess of 
this amount oidy tiMids to prolong the heat and introduce difficulties 
through tof) high ti^mperature during the blow. 

During tlii^ h(‘at there? is a conversion loss of 8 to 10 per cent; 5 to 6 
being acctuitileil for by the silicon, manganese, and carbon removed; the 
remaimh'r consists of a loss of iron, some btu*ause of sparks and splashing, 
but [irincipally as iron oxide? taken up by the slag to supply its deficiency 
in l)asic. cr)ns(itiu?nts. The amount thus reciuired varies with the quantity 
of metalloids rc^moved from the bath, with the composition of the slag, 
and with tlu? amount of scouring of the Imttom. No slag-forming con- 
stitiuads are aildi‘d iluring the heat. Tin? quantity of slag formed is 
abr)ul. 150 lb. p(‘r ton of st(?i;l made, and has a composition approximately 
Si() 2 , 50-70 per cent/, 10 25 per cent, MnO, 10-30 per cent. 

694. The Basic Bessemer Process.—The basic process was adapted 
to lh‘.ss(?im‘r working in 1870 l)y Sydrny Thomas and Thomas Gilchrist. 
In basil? 15essi?mer practice the vessel is the same as that used for acid 
working except for the lining of ilolomite or magnesite to resist scouring 
by the basic slag. This lining is rammed into place with a tar binder. 
Phospliorus nanoval is effectetl iluring the blow hy oxidation to the pent- 
oxide (Pjl)-,) and subsequent formation of calcium phosphate (CaO)^p 20 r), 
wliich becomes a constituent of the slag. The necessary lime is 
added to the converter before and during the heat. Silicon, manganese, 
carbon and phosiihorus are eliminated in about the order named and the 
period of blow is fi om fifteen to twenty minutes. 

Typical conversion is us follows: 



c 

Si 

s 

p 

Mn 

rip iiDii. 

\ 

0 fi-i o 

0.05 

2-3 

1-1.5 

Stci'l. 

0. lu-n.iui 

0.20 

0.04 

0.05-0.10 

0.30-0.50 


The neci‘ssary heat is obtained during the Idow from the oxidation 
of the silicon, manganese, carbon, and phosphorus. The silicon, how- 





STEEL MAKING 


551 


ever, must be kept low, because of its acidity and the increased lime 
needed to flux it. The deficiency in heat value tlius resulting;, together 
with the extra amount required to bring the higli lime additions to slag 
fusion temperatures and to supply the increased radiation losses during a 
longer period of blow, are supplied by the phosphorus. The suitable pig 
iron is therefore one having a phosphorus content of 2 to 3 per cent, and 
is obtained from the ores of special districts, notably in Cleriuany. Basic 
Bessemer working is not practical in the United States, although many 
of our Southern ores ari? suitable. The conversion lossi^s are from 12 to 
17 per cent, about {) or It) per cent of which is accounted for by tlio metal¬ 
loids eliminated. The slag weight will be 400 to 500 iiounds pi^r ton of si eel, 
with a composition of Si02, 5-15; PoOr., 15-20; CaO, 40-45; Mgt/, 0-10; 
FeO, 5-20; MnO, 5 per cent. Because of their high content in yihosphoric 
acid, basic Bessemer slags have value as a fertilizer after iuilverizi:.g. 

696. The Tropenas Converter.—A modification of the standard bottom- 
blown converter used in steel works is the side-blown vessi l of which the 
Tropenas converter is a type. The air is introduced tfirough the side 
of the vessel at the surface of the bath under a p>ressiire of 3 to 5 lb. These 
converters have a capacity of ^ to 2 tons per lieat, and are used chiefly 
for the manufacture of steel castings, where hot steed free from occhuled 
gases is particularity desirable. The lessemed agitation of the l)a(h in 
side blowing favors the latter, although accompanied l)y incveiised con¬ 
version loss and time of Idowirig. By allowing part, of the t uyen^s to deliver 
free air above the surface of the bath, the initial carbon monoxide is 
burned to carbon dioxide, and the full calorific value of each unit of car¬ 
bon (C to CO 2 Rives 97,200 calories against 29,lt)0 produced in burning 
C to CO) is utilized within the liody of the converter and the ttanptu'ature 
of the bath raised thereby. The molten metal is obtained from cujxilas, 
and must have a silicon content of 2 per c(‘Mt or upwards in order that 
sufficient heat may be generated in the small vessel to maintain fluidity. 


The Open-hearth Processes 

696. Essential Features and the Development of the Processes.— 

The fundamental distinction of the open-hearth proc^t^ss as compared with 
the Bessemer is the relatively slow rate of oxidation of the impurities; 
so slow that the heat of reaction is insufficient to keep the bath fluid 
during conversion, and additional heat from outside sources becomes 
necessary to insure completion of refining and final fluidity of the steel 
and slag. Of necessity any coal or coke used as fuel must be? in a compart¬ 
ment of the furnace separate from that of the bath, to enalile desired oxi¬ 
dation reactions to be carried out. Combustion of coal in a separate 
grate box will hardly give the high temperature required for fusion of the 
finished steel, as was noted in discussion of the puddling furnace. The 
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inception of the open-hearth process was marked by the invention of the 
gas producer by Sir William Siemens in 1862, the utilization of the gas to 
obtain high temperatures by preheating of the gas and air required for 
combustion by regeneration, and the development of these principles and 
their application to the furnace and methods for refining of the steel 
between the years 18(i2 and 1868. Siemens method was the use of all 
pig-iron cliargtis, with iron ore as the agent to supply the necessary 
oxygen. Alioiit the same time the application by Pierre Martin of the 
SieiiKUis furnace to the manufacture of steel by dilution of pig iron 
with scrap, and sul)seqiH‘rit refining, caused his name to become idt^nti- 
fied with the dt^velopnuait of the o[)en-hearth process; it is still known 
in Euro|x^ as the Siemens-Martin process. 

597. The Open-hearth Furnace.—The modfan open-hearth furnace 
is built in (‘apacities of 5 to 100 tons jxr cliarge and may b(' stationary 

or tilting, th(! former 
being the more usual. 
The smaller sizes are 
used mainly for the 
manufacture of steel 
castings, with usual 
capacities of 15 to 25 
tons. The furnace 
lH‘arl.h consists of a 
shallow sttad pan, sup¬ 
ported l)y fountlation 
arch(\s, and liiual to a 
tliickiu‘ss of about 2 
ft., with brickwork 
over which are suc¬ 
cessive layers of re¬ 
fractor}^ sintertal into 
a continuous bottom. 
For acid practice, tins liottoiu is made of silica brick and sand; for 
basic working, of magnesitt' brick and crushed magnesite or dolomite 
with tar liinder. Idg. 4 shows a longitudinal vertical section of a 
stationary open-hearth furnace. I'dg. 5 shows a transverse section 
through an o|Km-heartli furnaci' house. 

A 60-ton furnace has hearth dimensions of about 40 ft. in length ^ 
15 ft. w ide, w ith a depth of metal of 18 to 24 in. Length is limited largely 
by necessity of high aiul uniform temperature throughout the bath; 
width by necessity of elTective patching of bottom; w^hile too great a depth 
means inefficient treating of a charge wdiich must be heated entirely from 
the top surface. 





Fig. 4.—Vrrlii-nl SiM-liim Ihrouf^h a SUitionary Opon- 
hctirtli luriiari* tSIniwirig Priiu*iplc of Oj)L*r:itioii. 

(TliK rPKi’inTjiLur.s for nii.s iiiicl iiir jiri* bL*luw anil bi'hiiid thi* In artli.) 



by walls and a Irw hanging 
lys and tie rods. Above the 
)ie tlnae is no necessity for 
wt‘aker magnesite bricks, 
mgh doors at one sidt? of the 
side the bottom slopes to a 



At each end of tin* furiiaee art* s(‘parate uptaki' fines for tlu^ gas and 
air used for eond)Ustion, and ports to direct tla'm into the furnace for 
proper mixture and comt)ustion. The. u|dak(‘. lluf*s l(‘ad into lieat 
storing or “ n^gtaierator ” chandlers om- each for g:is and air at each end 
of tlu^ furnace. Tliese chandlers ari* usually Imilt undc'r the charging 
flo[)r, and are filhal with 1 milt-up rtiws of a chetTer work of silica brick, 
so pilf'd as to idlow^ of faii ly free passage of the gases, and yet present a large 
surface of contact for heat absorption and c^xtractioii. Betw'ct'ii the regen¬ 
erator chamber and the single stark for each furnace is a set of flues and 
hydraulically operated valves by which tlie comlnistion gases and waste 
gtis[‘s can be hal to and from either end of the lurnace, and reversed 
periodically as desired. Natural draft is employed. 
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Producer gas is the customary fuel, although natural gas has played 
a very important part in American practice, and crude oil, pulverized 
coal and tar have been used. For other fuels than producer gas only the 
air required for corribustiou is preheated, and no regimerators are required 
for the fuel. In the use of producer gas, both gas and air are heated 
prior to combustion. The. fuel and air ignite at tlie ports at one end 
of the furnace, and burn in tlieir passage over tlie surfact^ of the bath of 
metal, t'scaping at the otlu^r end at high temix'rature, approximately 
that of the furnace itscdf. Passing on their way to the stack through the 
regenerator chambers at that erul of the furnace, these hot gases give up a 
large part of tlaar heat to th(‘ brick clu^ckiTwoi k. This brickwork stores 
up a larg(; (juanlity of h(‘at and in an interval of a])Out twamt}^ ininutes 
has aitiiiiuul a high It'iiqK'rature. The direction of flow of gases is now 
revi^rsetl, and (‘oinbustion is at the oj^osite end of the furnace hearth. 
The entering gas aiirl air, pjissing through tlu* hot regenerator chambcis, 
absorb thf'ir stmcal up heat, and reach the ports at a temperature of 
1(KK)° V. Tire temperature attained in the furnace is now greater than that 
due to dirra^t (!oinl)ustion of the fuel and air, by an inci’enumt dep(‘ndeiit 
Ufxrn the hi‘at stoi’tal up in thes(‘ gases. The waste gases in turn give 
up their heat to lh(‘ taroler legruuaab)!^ at the opi)osite side of tire furnace. 
Th(‘ pi'rioilic reversals at intervals of fifteen to twenty minutes enalrle the 
necessai’y lerrrix'r atur t' to br* maintained. 

698. Conversion by the Open-hearth Furnace.—Usual open-heiirth 
pi’actiee is with basit^ bottoms; in the UnitcMl States the relatively small 
tonnagi' of aeiil sti'id is used largely in castings. 

The charge may be cold or’ molten; in the latter ease there is some 
saving of fuel and tim(‘. Also since the success of the process does not 
depiMid upon the fut'l value of tlie elements in the buialen, the latter 
may vary widi'ly in (;oiiiposition. Usually the charge is a mixture of pig 
iron and steel scrap; increase of the last namtul effects partial refining 
of the I rath iry dilution. 

The nvictions are virtually the same as in Bessemer w^orking; an 
oxiriation ol the silicun, manganese, and carbon; and in basic practice, 
an elimination of ]ilu)sphorus by oxidation and union with lime. The 
rate of reaction is, howevru’, very slow, and heats r equire from six to tv elve 
hours, usually aViDut ten hours for basic heats of 80 to 100 tons each. The 
nxiiliziiig agent is iron ore; by interaction the oxygen of the ferric oxide 
(Fe-iOiO unites with the metalloiils and is eliminated as gas or slag; the 
liberated iron in turn becomes a part of the Vrath. With ore additions 
it is possible, therefore, to practically offset the conversion loss due to 
elimination of metalloids, and to keep it to 5 jxn cent or less. Basic 
open-liearth slags in this country rarely carry sufficient phosphoric acid 
to warrant their use as fi'rtihzer; this is due to the moderate phosphorus 
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content (0.20 to 1 per cent) in tlie charge. Control of the heat is by 
fracture tests of samples and by chemical analyses of sann*; the heat 
is tajjpt'd under controllalde conditions. Fnrrom:ingan(‘se and ferro- 
silicon additions an‘ made to the ladle on tapping, and aluminum is 
thrown into the ingot mold as in Bessemer practice. 

After each heat the Furnace bottom is patched b}^ shoveling in crushed 
and calcined dolomite, wliich frits into place at th(^ ^^■orking temperaturi'. 
The lining and bottom are good for thrt‘e to six months of service, when 
shut dowai for repairs and rebuilding is necessary. 

699. Comparisons of Bessemer and Open-hearth Processes. I'actors 
of advantage and disadvaiitagt* in the Bessemer and open-lHairth proei'sses 
are as follow^s; 


Bessemer 

Rapirl ronvcrsioii—10 to 20 niiniitrs. 
lli'liil ivr*ly sfiiall hciils—1 to 20 tons. 
Smiill plant rost \)vr unit of output. 

All fuel is in clnirge. 

Oxygen uOtaininl from blown air. 

Cliargi' must be niolt i'u. 

Jatlle liberty in r*()iii])ositi()n of charge. 
Ctailrfil L'lil irr’ly in skill of nj)er;itor. 
Heavy eonversion loss —10 to 15 ]U‘r cent, 
city of njieralion. 


Opex-hearth 

l{t‘lalively slow f*onvnT-sit)n—0 to 12 lir. 

Kelativi'ly large hiMfs .25 to 11)0 tons. 

Heavy i)lant eost ])ia- onit of output. 
I'^xtra ful l—50 lb. of coal ]H‘r Ion liour. 
O.xygen obtaineil from iron oxiiJe 
Charge' may or lUiiy not l)i' inolh'u. 
Much liljerfy in coin]losition of eharge. 
Aeeurate contrf)! of proiluet . 

Small I'onversion loss—0 to 5 ])i'.r cent. 
Opera lion more eomj)l[!X than Bi'ssi'iner, 


In tli(‘ Unit(M;l States, steel-making practice is divided almost, entindy 
V)etweon tlu‘ acid Bf\ss(‘mf‘r ainl basic opeii-lieartb iiu'tlioils, (n)mj)ara- 
tive outputs ill the United States, Ciermaiiy and (Irtait Britain in recent 
yi'ars art^ given in Tabh‘ 1: 


^l ABjJC 1.- ^roNNACi: OF 8 Ti:i:l ingot.-; and cast ings i^kodmced 
FBOM A ARlOrS rROOK.SSFH IN LICADING COFN'rRIICS 

(In bong 7'ons) 


Process. 


j!i:j7 

I'liited 

Statefi. 

1 

Gfriiiany 
(M ctrir 
Tiiii.s). 

1 

Gre.al. 

Brilairi. 

IJiii tori 
Stai I's. 

Germ any 
f M et lir 
Tfiii.sJ InRot.s 
Oiily. 

Great, 
Britain. 

Ar.irl 1 PT 

9,rj4r),71Ui 

l,2rj5,3Uo 
2U,.'144,t)2fi 
121,226 
:i4.[Ui* 

l.o.o.l.lS 
10,6211,61)7 
:i SO, 1.0.0 
7..O92.901 

I.04«,772 
r>.'»] ,1)29 
.i,sn.M82 
2,251,7 y:i 

:i,449,927 

409,79:J 

45,772,510 

} 840,471* 


} 23.^,000 

2,260,000 
0,077,000 
} 452,000* 

Basic BessHiiiRr. 

Acid npeii-hearOi. 

Basic opeii-licarth . . . . 

f'rii ri}il P 

7,95S,000 
229,000 
10,811,000 

} 608,000* 

Otlier . . 



Total. 


! 

.'n,:i()0,S74 



51,792,aul 

19,8.10,f)00 

12,90:i,0fK) 


! . 


' J’riiif^ipally ficuii elerti ir. furnaceH. 
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600. The Decline of the Bessemer Process.—In spite of the simplicity 
of the Bessemer process and its many other features of seeminp; advantage 
over the open-hearth metiiod, the former has been steadily forced into the 
secondary position in this country. This is largtdy due to the gradual 
increase in tin* phosphorus content of availabh; ores; the difficulty of 
securing ori'S of Bessemer grade has caused a spread of price Vietvveen tins 
and gradt\s suited for basic working sufficient to make the o[)en-heartli 
method economically attiactive. In addition there is the advantage of 
greater yii'hl in tfonversion, and the lii'tter reputation for quality which 
op^ui-hearth steed liolds in the opinion of users. Bessianer steel finds 
its principal outlet in st(M‘l rails, pipes and tubes, wire and wire rods, 
plates and shiuds, and merchant and agritailtiiial machinery shaix's. 
Practically all stiiictural stead has for ye‘ars beiai of open-lieartli grade, 
and in recent yi'ars the* latter has b(‘en ra|)idly superseding the Bessemer 
process in the manufacture of steel for rails. 

601. The Duplex Process.—The dearth of steel scrap requireil in open 
heartli operat ion, tln^ possibility of coiista ving existing Bessiaiu'r plants and 
of cninl)ining thi! advaiitag(‘s of convi'rttn' operation with the idimination f)f 
phosphorus aiv. i-(;asons which luive led to the sina'-essful use of the duplex 
method at severjil plants. A heat is Idown to virtual ehinination of silicon 
and manganesf‘, and ))artial n^noval of carbon. It is then transferred to 
a basic opeii-lmarth finnaee, wlu‘ri^ the phosphorus is eliminalinl ami the 
heat slowly fmislunl to the, desirc'd (luality. In certain j)lants idectric 
furnaces are being us(‘fl for tlie finishing operations in the duplex eond)i- 
nation wit h t he*, B(\ssemer conv(*rter. The dupli^x imdhod effiH'ts a maiketl 
saving in the time necessary for treatment in the open-heartli furnace. 

Minou Puoi lsses Used in Making Steel 

602. The Cementation Process was the only known method of mak¬ 
ing steel until a.d. loOO. The procc.ss is still used in laigland for making 
culdeiy and tools but has never found favor in America. The well- 
estalilished fact that wrought iron packed in charcoal and lieated to a 
bright red will al)sorb caihoii and form a solid solution with it, is the 
basic princi[)le of the process. 

Tor this prDi'C.ss tlio roini'iitiiip furiiMcc is provided with a pair of loop; rertanpular 
conviTtinp j)i)fcs made f)f firc-lnick iind cxtiTiiidly licated hy a irntral firr-luix. Lniip 
thin Imrs of the very finality of Swedish channal iron are packial in 

fine rhareniil within the rniivertiiig jjots. The tn|) of tlie pot is i overf'd with a mixture 
of priiidsloiie iliist, the liie is stalled, :iiid the teinpeiJitiiie prailiially raisetl until it 
reaches apprciximately 10(H)'' C. A uniform heat is then mainl.:iineil for a week or 
tun days, ilepeiuliiig upon the Jinioimt of rarhon liesireil in the sleek Tlie earhoii 
content is determined from time to time by \vitlidrawiiip sam})Ie l)ars and testinp them. 
After the proijer eiirlfon rnnteiit hii.s been siTuretl the fiiniai e is gradually l ooleil down 
in another week and the met:d i.s withdrawn. 

Siiirc carlion monoxide is evolved durinp the piuress the siirfares of the bars are 
covered with blisters due to the ronibiiiatiun of the carbon with the iron oxide in the 
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slaR of tlr>n wrought iron. FiirtheriiiDre thp imprognation of i*arl)on varies with the 
distanre from the surfare of the steel. In order to render the hhster steel more homo¬ 
geneous the bars are sheared into short lengths, piled, healed In a veldiiig heat and 
rolled down into small bars ealled single-shear steel. SoiiKdimes the single-shear 
bars are treated like the blister-steel bars and thus iiiaile into double-shear steel. 

603. The Crucible Process was invontod in a.d. ]74() by Daniel 
Huntsman of Sheffield, England. The process consists in melting wrought 
iron together with charcoal and a little ferrom*aJiganese in a small barrel- 
slnxped vc'ssel called a criieilde. In Amei’ica, steid scrap occasionally 
forms a portion of the charge and ferrosilieon is added just before drawing 
the crucibles. For very superior grades of sleel Slieffield inakiTS charge 
ceinentation stxad instead of wrought iron. ^"aI■iolIs alloy steels are 
also made by this process. Thus ferrochroniiuin aiul ferrotungsten are 
added to the cliarge in making chrome and tungsten steels, resptictively. 

Since neither sulphur nor pliosphoriis are removed in the process 
only very pure stock can be used, (u iicibles ai e nuule clay, or graphite 
and clay, and usually holtl from 50 to 101) lb. Most of the melting 
furnaces are gas fired and are built iijx)!! llie regeneiativc* principle like 
tlie open-lu^arth furnaoc (Art. 507). Each furnace is provided with 
two to twi'iity separate meKing holes. In many of the English furnaces 
coke fires are built in tlu» nielling holes in direct conlact with the crucibles. 

In American practice four to six crucibles are charged with stuck, 
fitted with tight covers, i)lac(al in a melting hole, and gradually heated to 
the melting point in two to three hours. Formerly crucibles were held 
in the furnace (“ killed ”) f(jr a half hour or more to allow the gases to 
boil out of the metal, present, practiee favors the introduction of ferro- 
silicoii and fcrromangaiicsc at this juncture which in foui’ or five minutes 
deoxidize and quiet the metal, thus avoiding a "killing” period. 
The crucibles are witlidraAvn as soon as the metal luis lK‘,come quiet 
(evolv[\s no more gas), the slag is skimmed off and the metal poured into 
small cast-iron ingot molds or into sjxH'ial forms for steel castings. Ingots 
are rolled, forgefl or pressed, as in other steel-making processes, to density 
the metal ami improve its mechanical projKTties. 

On account of the high cost of laljor, fuel, ami crucibles, in proportion 
to the quantity of steel produced, crucilde stet'l is much more expensive 
than Jiessemer or open-hearth sleids. Oonsiaiuently its use is limited 
to articles of small weight or to special parts where a high-grade product 
regardless of cost must he used. The crucible process has been largely 
superseded by the electric furnace process; although it is still used in 
making tools, cutlery, springs and fine grades of castings. In 1937 this 
country prodiiccMl 934 tons of crucible steel. 

604. The Electrical Furnace in Steel Making.—Within the last decade 
rapid strides have been made in the use of the electric furnace both in 
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super-refining steel and in purifying cast iron. In 1937 there were over 
600 electric furnaces in the United States and the production of electric 
steel was in the vicinity of 1,000,000 tons. The electric furnace is some¬ 
what similar to a small open-hearth furnace with electricity instead of 
gas as a source of heat. The principal advantages of the electric furnace 
process are: (1) the possibility of securing any desired temperature thus 
providing a means of removing impurities and occluded gases without 
perturbation of the bath; (2j the opportunity for changing slags thus 
rendering possil)le the removal of various impurities; and (3) high tem¬ 
perature with controllable atmosphere (oxidizing nr reducing) as desired. 

Because of the great expense in utilizing electricity as a source of 
heat energy, the electric furnace cannot be efficiently used to purify pig 
iron unless electric,al energy can be purchased at very low rates. In 
st-eel making, the electric furnace is principally used to reduce the oxy¬ 
gen, phosphorus aiul sulphur from steel which has been partially purified 
by the acid Bessemer process. Superior grades of steel for axles, cast¬ 
ings and wire can be made in this way. It is jdso used to super-refine 

steel from the basic open-hearth 



furnace and thus make a high-grade 
steel which compares very favorably 
with the besi, ci’ucible steel in quality, 
and costs less. 

Tli(‘ three tynnw nf elcLitrin furniifps used 
ill refiniiif? steel tire (1) the nuliiiliun jirr type 
ill whieh the current ares diiTetly frtiin the 
positive to the negative eleetrode, hotli iaang 
suspended above tli(‘ Imtti; (2) the ari' n^sist- 
aiu-e tyjie in Avhieh ihi' lurrent art's from 
positive elertroile to liath and art's or is ron- 
dunted from the hotli to negtitive elet'trndes; 
and (;p the induelion type in which the hath 


Fjcj. li. --'rransverse S'clion of Ileroult 
Kletdrir iMiniMee. 
apoul; E, ilnrIrutli?; //, ruiif; A", honrtli 

lilUTlK. 


of metal forms the closed siM'ondary tareuit 
in a step-down transformer. 'Jdiree-jjhase 
alternating curnait is generally used in these 
fiirnaees. A Heroiilt furnaiT of Type No. 2 
has heen Imilt v\dth a ['Mparity of 100 tons 


per pharge. On aerount of its effiiieney and 
adaptability the Ileroult funiaee is u.sed more than any other ideetrie furnaee for 


refining steel. Idg. fi shows one of the small single-plia,se Ileroult furnaees. In the 


larger furnaces three-phase eurreiit is used and the three electrodt^s arc set over the 


liath on the apices of an equilateral triangle. In refining hot metal the larger Ileroult 
furnaees eonsuine from 150 to 2(K1 kiloAvatt hours per ton of poured metal and require 
about I to hours for purification. With eold metal the time required is three to 
four times as long and energy consumption is from four to six times as great. 
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THE MANUFACTURE OF IRON AND &TEEL SHAPES 

606. Essentials in the Production of Shapes. —Iron and steol finds 
outlet in ciif^inecrinp; constnietion in shapes produet'd eitlier l)y easting 
or some form of meehanieal working. In the former operation, the 
metal is melted and poiircal into molds made in ssiiiil or tither suitable 
refractory substance; fluidity of metal is necessary, and it may be cast 
iron, steel, or malh^able cast iron. Mechanif;al \vt)rking of the metal, 
however, results in improved physical quality, and where this is essential, 
the required shape is producral by h)rging or rolling. Vav the latt er opera¬ 
tions malleability, at least whiles hot, is essential, and iiinsequently cast 
iron is not suitalile. Intricate or spiadal shapes are produced by direct 
forging; or where numerous pieces of the same form are requinul, by 
drop forging with dies. By far the greatest tonnage of shapes required 
in engineering construction is of certain standard sra-tions, uniform in 
cross-section throughout a length which is, in gein'ral, relatively much 
greater than the cros.s-st‘ction. Rolling mills can proihict' such sliapes 
in quantity at a speed mucli greatin* and a cost much lower than any method 
of forging or casting. 

606. Ingots.—Steel intendtMl for rolling or foiging is east into ingots. 
These vary in shapes and size, but in rolling mill pi actict^ an* usually square 
or rectangular in cross-sect ion, 12 by 12 
in. to 20 by 20 in. or 18 by 24 in., and 
from .5 to 8 ft. long. The mold is of 
cast iron, 3 to 5 in. thick, with open top 
and bottom. The ingot mold is set 
upon end on an iron })otlom plat(‘, either 
stationary upon the casting floor, or on 
cars to enable prompt removal of the 
ingots after pouring. The mold has a 
gradual taper in cross-section from bot¬ 
tom tc top, to facilitate freeing of the 
ingot. Steel is poured into the open top 
of the ingot mold from a large ladle, Fig. 1, with nozzle and stopper at 
the bottom, and handled by a crane. When the steel has solidified 
sufficiently, the mold is stripped from the ingot by lifting the former; 
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Fig. 1.—Tlir Valvular Ladle. 
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nr in ca*se of sticking, by forcing downwards upon the ingot with a plunger 
at the same time that the ingot mold is lifted. 

The following deff'cts are present to some degree in all ingots; 'pipes^ 
hlow-holeSj segregation, slag, and a very coarsely crystalline structure, 
termed ingotism. As tht' ingot cools the outside quickly forms a solid 
shell surrounding a molten interior. The shrink¬ 
age wdiich accompanies the cooling t)f the interior 
produces a pijx^ Blow-holi‘s result from entrapped 
gases and from the solidification of certain im¬ 
purities which shrink more than the iron in 
cooling. Segregation of the impuriti(\s is caused 
both from the rejection of impurities by the 
exterif)r as it solidifies and also by the differences 
in density, the impurities being lighter than iron. 
Thesf‘ d(‘fects an^ idtnilized in Fig. 2. Ingotism is 
I)roduc(‘d through slow cooling from a veiy high 
ti'uqiiTat ure. 

A long rectangular ingot cast on end makf‘s 
a satisfa(rtoiy form for rapid handling and for the 
initial roughing down in tlie rolling mill. Also, 
there is th(‘ tendency to ct)nc(‘Td;rate the segrega¬ 
tion of impurities and tlie pipe or cavity due to 
shrinkage in solidificatif)n to the last cooling 
portion at tin* center and top of the ingot. In 
making the l)est grades of steed the huigth of the 
pipe and badly segregated region can bt‘ much 
reduced by ext(*nding the top of the ingot mold 
with a ring of redractory mateural. Thus a resc'rvoir of hot metal, or a “hot 
top,” is formed into which the ])ipe and segn'gation is largedy withdrawn. 

Removal of the' hc^id of the pipe, most of the slag, and much of the 
segregati'd metal can l)e made by cutting off, or “cropping,'' the upper 
portion of tlu^ ingot. The (wdl effects of bloAv-holi's anti ingotism can be 
greatly reduced l)y proper mechanical treatment at high temperatures. 

607. Heat Treatment of Ingots. —Rolling or forging of the ingt)t 
immediately after stripping is not satisfactory. If the outside is at proper 
tempcTature, the inside is so hot that there is liability of squirting out of 
tlie Ihiiil interior when pressure is apiilied; while if the interior is at 
rolling temperature, the exterior is too cold. 

A uniform temperature of the proper degree is oVitained by inserting 
the ingots in soaking pits and holding them there until required for rolling. 
These pits are gas-fired furnaces equippial with regenerators for con¬ 
serving the heat of the wasti' gases. This procedure also provid(‘s a regular 
supply of ingots to satisfy the continuous requirements of the mill, despite 
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tho intprniittpiit delivory of thi* furnaoe; and no confusion, in case of acci¬ 
dent or delay at either mill or furnace, will result. 

608. General Method of Rolling Shapes.—When an ingot is inserted 
between two revolving rolls it is drawn through theiii in tlie direction 
of rotation, and at the SLame time there is downward and upward pres¬ 
sure upon the metal, and a pull in the direction of travel, whicli results 
in a reduction of thickness, a slight increase in width, and a material 
increase in length. A pair of simple rolls would in a single* pass i*educe 
an originall}’^ square bar to a rectangular one of even thickness equal 
to that of the distance between the rolls; the width, on the other hand, 
is slightly greater than the original, and of somewliat irregular and 
bulging outline, due to the downward pr(‘ssun* witliout side restraint. 
By a second pass through tlie same rolls, this timi* t'llgi* on, a square bar 
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Fig. .3.—Typical Roll Passes in FormiriK a 10-inrli l-ljcaiu. i Illinois Slrcl C’o.) 


is ol)tained of dimensions equal to the flislanee betwinai rolls, and of 
increased length in proportion to the amount of n*duetif)n of original sec¬ 
tion. By successive passes through rolls of varying distaiuu's ol si'paration, 
or by adjusting the eenter distance of a singh* pair of rolls, and l)y quarter 
turning, or etlgiiig the piece ;is r(‘riuir(*d, a sqiinre or rectiingiilar liar of 
uniform cross-section may be rajiidly produced. 

Or the same result may be olitained in rolls of fix(*d center distance, 
which have grooves turned in tlicir surfaces of proper diiiiensions for the 
successive reductions. Again, by varying the charaidiT of tJn* grooves, 
a witle variety of cross-sectioirs can be produced. Fig. 3 illustrates types 
of rolls used in forming I-beams. It also shows the shapes assumed by 
a bloom as it is gradually reduced to an I-beam. 

609. Rolling Mills.—Rolling mills have Vieen developed from the origi¬ 
nal type with a single pair of rolls, nr two-high stand. Sueli an arrange¬ 
ment has a limited capacity, sinct* succeeding passes arc marie only by 
sending the piece back idle over the roll stand, with consequent loss of 
time and heat. The three-high mill has been adopted for the rolling 
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of most standard shapes. It consists of three rolls with their axes in the 
same plane, and so driven that by passing the bar through the lower 
pair in one direction, and through the upper pair on the return, reduction 
is obtained in both directions. For sections of great weight requiring 
very heavy mills with rolls of large diameter, the lift from lower to upper 
passes becomes impracticable; but rolling in each direction is accom¬ 
plished by reversal of rotation of the two-high stand after each pass. In 
rolling rods or other shapes of very great lengths, there is much loss of 
time and cooling of the piece, even in three-high mills, if each pass is begun 
only after completion of the preceding one. By looping the rod batik 
through the next pass as soon as the entering end comes through the 
rolls, several reductions may 1)0 effected simultaneously on the same rod, 
with great saving in time and In^at. The capacity of the *' looping mill 
may be obtaintMl by the '' continuous mill.” In this case the several stands 
of two high rolls arc set in tandem, and properly geared to speed up suc¬ 
cessive passes to take care of the increased length of bar resulting from each 
reduction. Thi) “ universal mill ” has a set of small rolls with their axes 
vertical; by varjdng the center distances of horizontal and vertical sets of 
rolls, a great variety of flat sections can be produced without multiplicity 
of rolls. 

Ingots are rolled into blooms or billets, usually a rectangular or square 
form 10 V)y 10 to 2 by 2 in. in cross-section, on two-high reversing mills. 
The bill(‘ts ai'e sheared to the length required in tlie subsequent rolling 
operatit)!!, and are usually reheated. 

Rolling mills have undergone much development, with resultant 
increase of output and elimination of hand labor. Heavy material is 
fed into tlie rolls by gearcal rollcT taldes, and thcvse tables in turn are made of 
the lifting, tilting, or transfer type to raise the l)ars from lower to upper 
passes or transfer them to otluTS in different stands of the same mill 
train. Tlie power required for driving varies from a few hundred to several 
thousand horsey-power; heavy mills arc usually driven by direct connec¬ 
tion to steam engines, wliile electric motors have had much application 
for smaller mills, and especially for auxiliary equipment. The output of 
mills varies grtyatly. Witli light sections such as thin sheets and strips 
it may be as low as 10 tons per twenty-four hours; while certain mills 
will produce 4000 tons of billets or rails in the same period. 

Most standard sectifuis—rails, I-beams, channels, angles, round and 
square bars, etc.—ari' produced in three-high mills with rolls of fixed 
center distiuices and grooved to the special shapes. 

The successive {passes through the rolls from ingot or billet to finished 
section are given in Fig. 4 for typical shapes. In tlie design of the succes¬ 
sive passes, the aim is to effect not only the reduction with maximum 
speed and effieienc}^ but at the same time to so shaj^e the grooves or turn 
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the bar that work will be done uniformly upon all sides of the piece. Speeds 
of travel through the rolls range from 60 ft./min. for ie.gots to 600 ft./min. 
in the finishing pass. 

Specialized lines of inanufacturc include platc's, sluM'ts, pipe and 
wire. 


thickness iiiul upwards. 'Idle ingot 
of 


No. 

□r 

r.is.s 


Sliapc 


I 


Area or 
Serllonln.’ 





610. Plates.—Plates are of 4 -in. 
is rolled into a rectangular slab 
cross-section sufficient to produce <l:e 
length and thickness of plate desired. 

The slabs are cut to a length appro.xi- 
mately equal to the width of the plate 
to be rolled. These slal)s are reheated, 
and put through a two-higli reversijig 
or special three-high mill ivith flat rolls; 
the long side of tlui slab being paralhd 
to the roll axes. Tiie rolls are screwral 
down in sllccessivl^ pass(\s until tlu' 
plate has been reduced to tlu'. requiiCMl 
gauge. After cooling it is straightenerl 
in special rolls and sheared to size. 

Rolled plates may \m obtaimal np to 
2 in. in thickness, in widt hs up to lS(i in. 

Maximum haigths range from 2 t) to 125 
ft., tlf'peiuiing on otlKU* dimensions. 

611. Sheets.— Slieets are tliin plat es 
from to I ill. in thickness. Billets 
arc first rolled into slu'et l)ars of rect¬ 
angular section l)y 8 to 1 by 10 in., 
on three-high mills. d he slu‘et Ijmi s 
are cut to a length equal to tlie wi[ltli 
of sheet to be rolled. After heating, :i 
pair of bars are rolled at the s;in e 
time, but separately, on a two-high n ill 
with plain rolls, and with hand handling 
and screw downs to regulate thickness. 

After some reduction, the two piei*t‘S 
are rolled together, one on top of the 
other until too cold for further work. 

Prom two to four sheets are then placard in a pack, doubled by bending 
transversely and stamping flat, and reheated. The pack of four to eight 
sheets is rolled to gage, after which it is sheared and opened. The sheets 
are annealed, and then given the various surface finishes or coatings 
required in service. 
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(a)SKELP ROUGHLY tOFlMCU 
INTO PIPE 


rii WElDINQ DY nOl LINQ 


612. Pipes.—Pipes or tubes may be seamless, lap-welded, or butt- 
welded. Seamless tubes are made by piercing a round billet while it is 
being distorttnl by a set of spt^cial skew rolls; or by gradually pressing a 
plate into a closed eml cup or tul)e. These hollow billets are drawn 
(hot or cold) to size over a mandrel and through dies. The principal 
outlet is for boiler tub(‘,s, bicycle tubing, etc., 
fi) BKELPj^i^H BCAnPct. [DCEB whcrc maxmium strength and lightness are 
desired. 

fa)8KELPflour.HLY roFiMcu Lai>welded tubes are made from skelp, a flat 

strip rolled to proper thickness and of a width 

O equal to the circumference of the pipe, plus the 

lap, Fig. 5. The edges of the skelp are sliglitly 
b(?vc.led or scarfed to prcvc^nt. too great an exci\ss 
(i) welding DY rioi UNO metal at the lap. Up to 12 in. in diameter, 

n bending to circular form is done i)y drawing the 

Q n heatcfl skelp through a bell-mouthed die; larger 

■ putting th(‘ plate sidewise 

^ through a s(‘t of three btuiding rolls. The formed 

r1 heated to welding temperature and 

pass(Hl through a jniir of rolls with grooves, 
^ ^ corr(%sponding to the outside diamet(T of the 

(o) welbind lap-jdint PIPE pi[)e. The roll pressure is resist ed by a mandrel 

^ or ball on the inside of tljc pipe which is mounted 

the rolls and on tlu^ end of a long rod. 
Tlie pipe is then sized in grooved rolls and finish('d 
and straightened with a pair t)f skew^ rolls. Lap- 
w elded j)ipe is used for boiler tubes and for steam 

fi) DCLU THnouoHWM.rH^HrLP ‘“"I liyilnuilic pipiiiK to withstaiul IukIi pressure 
IB DRAWN TO I oFii,i LLun JOINT PIPE iiiadc 111 diaoudei’S I j to 30 in. 

i'lo. 5 . Ihitt-welderl pi|)e is made from skelp wdiich is 

welded along the Irutt joint without lap. The 
strips are hi'ated to welding temperature; then drawn from the furnace 
tiirough a bell mouthed-die, Fig. 5, which c\irls the strip to a circular 
form and forces tlu‘ cnlgcvs together with sufficient pressure to effect a 
continuous weld. The pipe is finished by passing through a pair of 
grooved sizing rolls. Ihitt-w eldial pipe is made in sizes from | to 3 in. in 
diameter; it is usetl for gas and water pijK} and miscellaneous purposes 
where not siil)jected to great pressure. 

613. Wire. -Rods are rolled in looping or continuous mills to about 
a } or f in. in diameter, coiled into bundles, and pickled in acid to remove 
dcale. Further reduction is effected by cold drawing through di^'s of high- 
carbon steel. The drawlnmch consists of the drawplate and a j)Owa'r reel 
for pulling the wire through and coiling. Successive reductions may be 


(a) welbind LAP-JOINT PIPE 


fb) qell TunouoH whith shflp 

IB DRAWN TO rOFli.1 LiUTl-JOINT PIPE 
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made on individual benches; or by multiple drawinp; in which case the coil 
is reeked only after rerluetion in several dies. A power reel is provided 
between each pair of plates around which the wire is p;ivi‘n a couple of 
turns. After several reductions the wire becomes hai'd and lirittle bi'caiise 
of overstrain, and must l)e annealed before drawing can be continued. 
Spetal of drawinp; is from 75 to 750 ft. per minute, depending; on size and 
hardness of wire; reduction is from 20 to 25 per cent per hole. 

614. Forging and Pressing.—Whereas it is only possible to roll mem¬ 
bers of uniform cross-section and for every change in cross-section it is 
necessary to j)rovide a special set of rolls, forging provides a means of 
securing fine-grained, strong and lough parts of almost any re(]|uired 
design. l'\>rging rerjuires little expense for special tool eijuiprnent but, 
on the other hand, on account of the lenglli of time consiiiiK'd does entail 
a much heavier fuel and labor charge than rollij'.g. Since in forging 
the part is more complet ely under the control of the operator it i:. possiljlc 
to finisli it; at just the right heat and to diminish the inteiisity of the l)lows 
in manner suited to securing a fine-grained inoduct. 1 lie etTi'id of the 
hammer blow, however, is not deep seated, eonseniiently the process 
is bi'st adajjted to seclit)iis under 2 or 3 iiich(‘s in tliickness. 

Small forgings may l)e made directly from ingots or from rolled bars. 
Ingots for small forgings are usually stjuare or rectangular in form, those 
for large i)arts miv cast, in hexagonal sections with fluted surfaces. The 
latter type of ingot is l(\ss liable to crack in cooling than a scjuare section. 
After cropping the nmiaindtT of the ingot is brought to a light red heat 
in a non-oxidizing flame and taken to the forge. kSince the interior of a 
larg(‘ ingot, is often iiiuler high tensile sln^ss due to cooling strains, reheat¬ 
ing iiiusl be done at a very slow rate in order to avoid cracking. Often 
with ingots weighing many tons one or two days is retiuired for reheating. 

When the parts are of small size and the rc(piiretl miml)er is small, 
reduction of t he ingot or bar is accoinplishetl ])y 1)u‘ hanil hammer or sleilge 
on the smith’s anvil. If a large iiuiiiIku’ of small parts are wanted drop 
fonjififjs are made. They are formed between dies which arti attached 
to the anvil ami liead of a steam haininer. In shaping intricate parts 
'ipproach to final form is gradually made through the us(' of a number of 
sets of dies. Droj) forgings arc very coniinonly used in making various 
types of levers, wrenches, small eonriecting rods and crank shafts. They 
are superior to steel castings in quality on account of the mechanical 
work done upon them; but unless large quantities are wanted, they are 
more expensive due to high cost of dies. 

Large forgings aie reduced from the ingot under double-acting steam 
hammers which range in capacity up to 30 or 40 tons and are capable 
of striking 100 to 300 blows per minute. The ingot is clamped to a very 
heavy bar, called a porter bar, which is slung in an endless chain in such 
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manner that the forging may be pushed backward or forward under the 
hammer, or rotated as desired. In making heavy shafting it is good 
practice to bore out the central portion of the ingot before reheating thus 
rendering it easier to heat and reducing the probability of cracking. When 
the ingot is forged, a long bar fitted with a head like a torpedo, called a 
mandrel, is thrust into the hole and kept under the hammer. As the ingot is 
revolved and hammered on the outside the mandrel acts as an anvil on the 
interior. In this manner the metal of the hollow section is rendered much 
more compact and uniform in structure and properties than is possible with 
a solid section. Forging is usually stopped when the color becomes a dull 
red. If further forging is rt‘qiiired the part is again reheated to a bright red. 

Prfi.s‘.s‘mj 7 . Armor plate, cannon tubes, heavy shafting and other thick 
heavy masses of steel requiring mechanical treatment are most effectively 
worked under heavy hydraulic presses. The action of the press is much 
deeper than that of the steam hammer or the rolling mill. Furthermore, 
tne press effects a reduction in size of large parts more quickly than the 
steam hammer. Pressc\s range in capacity from oOO to 14,000 tons and 
are operal ihI under pressures of HOO to 8000 lb. per sq. in. 

61B. Casting Steel.—Steel castings are most effectively used for 
intricate parts which cannot, be rolled or forged and whicli must possess 
high strength and toughness; also when the required number of parts is 
small and the cost of e(]uipment prohibits rolling or forging. With proper 
cai-e in nnuiufacture, castings can be made having strength equal to the 
rolleil or forged product but somewhat inferior in ductility and toughness. 

81ieel cast.iii\g« are made from metal smelted by the crucible, Bessemer, 
open-hearth or fleetric furnace processes. For small and medium size 
castings of the ver\' best grade, the electric furnace, or the electric furnace 
in cojijunction with i^eid Be.ssemer converter or basic open-hearth 
furnace, is s\ipi*rior to f H otlu*r processes. It is, however, less adaptable 
to a wide variety of work t ban t he crucible process, which is commonly used 
for very small eastings of a^l grades and qualities. For the production of 
very large castings and forV ordaining a large tonnage of standardized 
castings of medium size with continuous operation, the acid open-hearth 
furnace is very efficient and excellent product. The basic 

open-hearth process shares the sa production, but makes castings 

somewhat inferior in riuality and^ costlj^ than those gotten from the 
acid open h(‘arth. For intermitt^ ^'*^1 operation and a variable tonnage 
demand, the acid Bessemer proc^‘^"'^‘‘^ adapted. Baby converters 

of the Tropt'nas type are oflen where the output is small. The 

quality of at‘id B(\s.semer eastings it* ^ general inferior to that which can 
be gotten from the other process(\s. ^ 

Patterns for steel ea.stings are designed with an allowance 

1 in. per foot for shrinkage. The rt^a.stings are formed in green sand or 



STATISTICS 


567 


dry sand molds which are made in much the same way as those used for 
cast iron (Art. 747). With steel castings, however, a good deal of 
care must be exercised to properly vent both molds and cores, to provide 
adequate gates for rapid filling of the mold, and U) install a sufficiency 
of properly placed risers in order that the interior of heavy sections ma} 
be kept full of hot metal until the whole is frozen. Chills aie sometimes 
used to hasten solidification during pouring and reduce blow-holes. 

Owing to the great shrinkage of steel in cooling, intricate castings, 
or those which vary consitlerably in cross-section, must be separated from 
the mold as soon as the metal has solidified in ordei' to prevent cracking. 
Aft(3r the castings have been cooled slowly under saml oi’ in a heatetl furnace 
the sprues are broken or cut off and the surfaces ar[‘ freetl from sand. 

Steel castings which arc to be subjected to heavy stresses should 
always be annealed for two to four hours at a tin)])eiatiire above the 
upper critical point (Art. 61)7). Annealing not only removes internal 
shrinkage stresses but also rerm(\s tlie grain and rendtas tie' casting stronger, 
tougher and more ductile. Tlie toughness of (aistings of iinifonn section 
can be considerably increasiai l)y quiMicluiig in oil ami reheating to a 
temperature just below the critical range. 

616. Statistics.—The United States produces annually about 40 mil¬ 
lion tons of rolled stet'l shapes and ont^ million tons of stiad castings. Prin¬ 
cipal products are listed in Table 1. 

TABT.E 1.—1T)NNAGE 01'^ PKINCIPAL IRON AND STEFJ, PRODTTCTR OF 
THE I’NITED .SIATJ S FOR iVimyWAiCK Vl.AR. ROOK, m7) 


i iiiirl Kitnl. 


Tntiil of rollnl jimliu ts. 

Riiils, iron jltuI sirfl. 

iSh['('t.s iiiid plriie.s. 

Win* T[uLs. 

Slni ctiinil !^h . 

M PTchnnt bars. 

Reinforring ])ars. 

Skc.lp, flue, and ]jipo iron or . 

IT DOp.S. 

Rand and cotton tics. 

Rollrd forging [dooms, [nlli'ts, etc. 

Splice and tie pliit[>s. 

Hot rolled strips and flats for nolil rolling. . 
Blanks or pierced billets for seamli'ss tubes 

Wrought pipe. 

Seamless tubes. 

Cast iron pipe. . 

Gahanized sh(‘<’ts. 

Tin and tenie plate.- . . . 


'J'liitiiHainlH of 
J.DllH Toiim. 


:t:t,801 
1,‘2120 
112,152 
2,1108 
2,808 
5,(m:T 
1,020 
2,1.^17 
100 
38 
473 
472 
3,225 
1,010 
1,484 
1,415 
9f)0 
1,288 
2,355 


























CHAPTER XX 


FORMATION AND STRUCTURE OF ALLOYS 
Alloys in General 

617. Reasons for Making Alloys.—In gnneral, the properties desired 
in a metal to be used in engineering construction are not embodied to the 
best advantage in any single metal, and recourse is had to the mixing of 
two or more metals to attain the rlesired end. Such comlunations of metals 
or metallic suljstances are classed as alloys, and they form one of the most 
important subdivisions of metallurgy. 

618. Mixtures.—The projierties of alloys are influenced not only by the 
nature and proportions of the components, but also l)y the character of 
the mixture. The constituents may form a simple mixture, coherent of 
course, but existing in the mass as distinct iruliviiluals. The properties 
of such a mixture are in large measure an average of those of the com¬ 
ponents, and vary with the relative proportions: this general relation 
may be riu)dified by the relative adhesion of ludike particles as comparetl 
with the cohesion of the like constituents, and l)y the degree of fineness of 
the aggregate as affected by the nature of the components and pliysical 
conditions of manufacture. An important examj)le in the iron-carbon 
alloys is jjearlite, a mixture of ferrite and cementite. 

619. Chemical Compounds.—In extreme contrast to the alx)ve, the 
components may have such a degree of affinity that tlu'y unite in atomic 
proportions to form a chemical compound, a new unit substance in which 
the individuality of the constituents is lost, and which may have physical 
properties distinct from and unrelated to those of the components of the 
alloy. Intermetallic comf)ounds play an important role in the considera- 
tU)n of alloys, the carbiile Fe;jC being of especial influence on the proper¬ 
ties of steel. 

620. Solid Solutions.—The al)ove-meiitioned conditions are largely 
special, and re|)resent the extremes or end relations in the possible degrees 
of miscibility of the constituents of alloys. Between is the wide gap in 
which the components are mutually soluble to the extent that they become 
blended into a homogeneous unit with loss of visilfle evidence (even 
microscopic) of isolation of particles, and yet where there is not that 
absolute loss of individuality which accompanies chemical union in 
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atomic proportions. Solid solutions are important factors in the study of 
alloys; the resultant properties maj'^ differ in vaiyiiij;; di*g;rees from lliose 
of the components, according as the order of solul)ility approaches that of 
definite chemical union as a nev/ compound. In the iron-carbon alloys, 
austenite, a solid solution of carbon in gamma iron, is an important 
example. 

Constituents of an alloy may lx; only partially solul)le; that is, solid 
solutions may result from addition of either compc)nent to the otlier up 
to certain limits of saturation, l)eyond which there results a simple mixture 
between these saturated solid solutions. Again, an intermetallic compound 
may form a simple mixture or a solid solution with the compont'iits of the 
mixture, or with a second compound of different atomic j)roportions in 
the same series of cr)nstituents. 

621. Methods of Making Alloys.—Alloys may be made in various ways; 
those of gi’eatest importance in the inanufacture of materials for engi¬ 
neering construction are l)y fusion of the constituents anil solidification 
after mixture, and by diffusion, where th(‘ body metal is in the solid state, 
and the diffusuig material is solid, liquid or gas. The firsl-iiamed method 
is most common and is employed where uniformity of material is desired 
throughout the entire section; the latter is cluelly of value in imparting 
a surface differing in composition and properth's from those of tlie botly 
material proper. In the formation of alloys by fusion, complete solubility 
of the constituents in the liiiuid state is usually desired; otherwise differ¬ 
ences of specific gravity of the components will result in litjiiafioii and ct)n- 
sequent irregularities of composition throughout the mass. Hut the solu¬ 
bility of metals is a functi^.m of temperaliire, j)iessure, and particularly of 
the state of the constituents. Tims, wliile lliere may be perfect, miscdfility 
while fusion exists, solidification may result in a soluljility which is com¬ 
plete, partial, or nil. Perfect homogeneity of litpiid is no criterion of 
structure in the solid; the latter may V)c homogeneous or heterogeneous 
—a solid solution or a simple mechanical mixture. r\irtliermore, the 
degree of miscibility, or especially the limit of saturation, being a function 
of the temperature, may alter by diffusion with changes of teirqxirature 
below that of solidification. Diffusion in the solid state is, however, 
comparatively slow, and it is only by the maintenance of relatively high 
temperatures for long periods of time that alterations of structure occur. 
Such alterations are not usual in customary service. 

622. Allotropy.—C'ertain metals while in one state, such as the solid, 
undergo at definite temperatures reversilde changes in some of their physi¬ 
cal properties which are usually accompanied by changes in the crystal 
structure. Such changes are called " allutropic.” A solid alloy, which 
has as one of its constituents a metal exhibiting allotropy, may undergo 
transition in passing through the temperature normal for such allotropic 
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change- Iron undergoes allotropic modifications in the solid state, and 
these are of extreme importance in heat-treatment processes. 

623. Crystalline Structure of Metals.—By means of X-ray analysis it 
has l>een shown that the atoms in metals arrange themselves so as to form 
minute crystals of regular geometrical outline. In metal crystals there 
are commonly found three simple atomic arrangements, known as face- 
centered cubic, body-centered cubic, and hexagonal close-packed. In the 
face-centered cubic arrangement there is one atom at each corner of the 
cul>e and one atom at the center of each face (Fig. la). The body-centered 



fa) ruiL'-Cniik'nia Cubic ( b) Uoily-CciilLjrca Cubic (c) llexat'uruil-Clusi?- 

TiickLul (AflLi- Hull) 

Fill. 1.—Common AUim Arraiigeiru‘nt,s iu Mi'tiils. 


cubic arrangement lias atoms at each corner and one atom at the geo¬ 
metrical center of tlic cube (Fig. 1Z>). In the hexagonal close-packed 
arrangements (Fig. Ic), an atom is located at each prism corner and at 
alternate prism centers.* 

Solidification from a melt, in the case of a single, pure metal, will be 
by formation of numerous small definitely formed crystals in those parts 
of the melt which have reached the freezing temperature, which is a con¬ 
stant for the single metal. Upon these crystals as nuclei, others will 
build as solidification progresses, attaching themselves regularly with 
crystal faces together, and making up aggregates, each of which has a 
resultant orientation of axes of crystallization dependent upon the purely 
acciilental position of its nucleus in the melt. As solidification approaches 
completion, there wall be interference to further growth along lines of 
contact betwaHMi difl'erent aggregates, and with complete solidification, a 
single pure metal will consist of a large number of grains, with irregular 
boundaries resulting from the contact lines of the individual crystalline 
aggregates wdiich constitute the several grains. A typical structure of 
this character is shown in Fig. 2. Although the structure, the wstrength, 
and other properties are those of the single metal, variations may result 
from differences in average size of grains. This in turn may be influenced 
by cooling conditions which affect the numlx^r and distribution of nuclei of 
crystallization. Variations in properties may also be caused V.)y differences 
in the relative cohesion along the contact faces of the crystals making up 
the individual grains, as compared with that along the boundaries or 
contacts between the separate aggregates or grains. 

* For further .study sec The Science of Metals, by Zay Jeffries and II. S, Archer. 
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624. Effects of Solubility Relations in Alloys.—WJieii two or more 

metals are mixed to form an alloy, solubility relations hiu’e p:reat influence 
upon the progression of freezing and the structure of the resultant alloy. 
If the relations of the constituents arc such that chemical coudiiiiation 
results, and the amounts are of proper atomic proportions, solidification 
will progress in a manner entirely similar to that of a single pure metal. 
An intermetallic compound is essentially a unit sulistance; it will freeze 
at constant temperature, and it must exhibit a lioinogeneous structure 
consisting of a mass of grains, each composeil of an aggregate of uniform 
crystals. 

With relations of sohil)ility other than that of chemical comijination, 
solidification proceeds selectively, and is almost always spread over a range 
of temperature, as distinguished fnmi the CDiistant freezing temperature 
of a single metal. In sid)jecting a ma¬ 
terial to conditif)ns which tend to change 
its state, tliere is a resist aiice oj)i)osed by 
the substance W'hich tends to cnunteract 
such transition. In the case of a sijigh* 
sul)stance, this is by sacrifice of part of 
the mass, whicli in fre(‘zing liberates its 
latent heat of soliilification and thus, by Ji 
tendency to hold up the normally falling 
temperature, tends to keej) the remainder 
of the mass in a liiiuid condilioii. W'ith 
two or more metals in mixture, there is 
the possibility of resistance to change of 
state by ]il)eratioii of heat, jiuring freez¬ 
ing of a portion of the mass, as noted 
above for a single metal; in arldition there is the aihled j)ossibility of 
sacrifice of some portion of the mass, whicli differs in composition from 
the bod3^ material in the direction of a higln^r temiavrature of freezing. 
Thus there is enriclmient, by such selective freezing, of the remaining 
portion of the melt in the direction of a comjjosition of loAver tempera¬ 
ture of solidification, and a resistance thereby to the external conditions 
tending to promote solidification. 

The structure of the alloy will be influenced by its method of freezing 
and the solubility relations; the former is, how^cvcr, a funcf-ion of the latter, 
and thus relations of solubility of the solidified cimstituenls of the alloy 
are governing factors in the final structure. Assuming comiilete solubility 
in the solid, freezing will proceed by progressive scilection, and will te 
spread over a range of temperature, as noted above. However, the 
assumed condition of solid solution implies that initial heterogeneity, 
because of progressive selection, should lx; elTaceil by diffusion, and the 
resultant alloy should, therefore, exhibit a homogeneity of structure of the 



I "in. 2. - I*]i(iinniirrnKrfo>li Showing 
(‘rysl.alliiio Slniclun* of Swi-flish 
Iron. 
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granular type characteristic of the single pure metal or the intermetallic 
compounds. But interdiffusion of solid particles is likely to be relatively 
slow; thus hy rapid cooling of the alloy tVirough and below the freezing 
range, opportunity for such l)lending to a homogeneous mass may be 
checked to a greater or lesser degree, and a heterogeneity, varying through¬ 
out the individual grains from the composition of the first frozen particle 
to that of the last, may result in the solid alloy. 

With solul)ility nil l)etwecn the constituents of an alloy, resulting struc¬ 
ture must 1x3 heterogeneous. Freezing from the melt will be by selection, 
with solidification of that one of the constituents which will, by its elimina¬ 
tion, progressively enrich the melt in composition towards that of lowest 
freezing-i)fant. This first portion to freeze will have an opportunity to 
solidify with considerable definiteness and regularity with respect to its 
crystal form, and withoTit interference l)etween the individuals, since there 
is freedom for movement in the remaining litjiiid. This liquid is finally 
forced to composition of lowest and final freezing temperature—the so- 
called eutectic temjierature and composition, and constant for a particular 
alloy—when it will srjliilify and occupy such space as may remain between 
the [larticles making up the iiortion frozen during stdection. Again, how¬ 
ever, liecause of lack of solul»ility lietween the solid constituents, the 
eutectic portion must se|)arate into its individuals on solidfication and in 
itself must be heterogeneous. 

626. Methods Used to Determine Constitution Diagrams.—In order 
to construct constitution diagrams for alloys, it is necessary to secure 
consideralde experimental iid'ormation and to interpret it in accordance 
with the principles of the phas(3 rule. Some of the more imp[)rtant methods 
u.s<3d to scicure such data are: thermal analysis, microscopic examination, 
magnetic and dilatometric measurements. The thermal methods are 
probably the most important. They are based upon the principle that 
chang(‘s in state of a substance are accompanied hy change in its internal 
energy content, which is manifested hy an absorption or liberation of heat. 
A boily without transitions in the temperature range will absorb heat from 
surroundings at higher temperature, or radiate heat to surrounding.s at 
lower temperature, witli [X'rfect regularity, and a gi-aphical representation, 
plotted as a function of temperature and time, will shotv an approxi¬ 
mately logarithmic curve without V)reaks from smoothness or regularity. 
Should there l)e a change of state within the temperature range of investi¬ 
gation, the accompanying absorption or liberation of heat will cause a 
deviation from the normal law of heating or cooling, and such transition 
will 1x3 manifested by a jog or break from the normal curve extending 
over a time interval eiiiial to that of heat absorption or lilx^ration due to 
the transition. A familiar example of the alxive is the arrest of tempera¬ 
ture during melting or freezing of a single pure substance. 
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By inserting a sensitive pyrometer into a molten alloy of any desired 
composition, and noting the temperature-time variatious during normal 
cooling and solidification to atmospheric temperature, a “ ca)oling curve 
may lx; plotted which will be a record of tVie internal condition of the par¬ 
ticular alloy within the temperature range emphiyed. Changes of state 
and allotropic changes will be indicated by breaks from a smooth curve 
for intervals of temperature and of time corresponding to such transitions. 

626. Cooling Curves.—Explanation of the construction of constitution 
diagrams will be presented simply by means of the (nilinary tianjierature- 
tirne curves, such as shown in Fig. 3fi to 3f/. The freezing of a single 
pure metal, an intermetallic compound, or tlie cTilectic ])nrtion of an alloy 
which solidifies at constant temperature, introduces tlu' arrest illu;’lrated 
in Fig. 36, over a time interval correspomling to (he libera I ion of I lie heat 
of solidification. In an alloy wlien‘ the freezing is selective, the j)rogressive 
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shift of composition distributes the i)roc(;ss over a range of temperature. 
For complete soh lality in the solid, shown in Ing. 3f:, the jirogressive 
solidification of particles which are solid solutions of two or more con¬ 
stituents, and the blending of these into a huinogeiieous unit as freezing 
proceeds, results in gradual approach of the l.reak in the cooling curve to 
the normal with jirogressive elimination of the liiiuiil jioi’tion. Where 
solubility is nil between the solid constituents, selective freezing introduces 
a Vireak similar te .hat of the solid solution type while sucli selection pro¬ 
ceeds. But since' the solid portion now consists of oiu; pure substance 
alone, the shift in composition of the liquid is to a portion—which may l)e 
the other constituent of a two-comi)onent mixture., but is usually some 
fixed, intermediate mixture of the two—which solidifies at constant 
temperature. The form of cooling curve is shown in I'ig. 3r/. Vor the 
ptjjli^u lar me tal under irive>^iga;UtliV cooling curve which exhibits 
frying over a ninge of t emperatu riLmLhpiit ^irrost M tempera- 

tiire denotes cornplete solubil ity in the srilidx. where freezing is spread over 
a raiTg^ ontemperature with final solidification at a constant temperature, 
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•solubility is nil betwetiu the solid constituents, or the ^composition is 
iKjyond the saturation limits of an alloy of partial miscibility; with con¬ 
stant freezing only, the metal is a single pure su})stantie, an intermetallic 
compound, or tlie eutectic mixture of an alloy with solubility nil or partial 
Ijetween the two components. 

Binary Aij.oys with Ijuuid Solubility Perfect, Solid Solubility 

Nil 

627. Significance of the Freezing-point Diagram.—Many cooling 
curves such as shown in Fig. M can l)e obtained for alloys of progressively 
varying ct)niprisitinn and can be drawn on one iliagrarn. Then, if lines 
are drawn Ihrough th(‘ critical priints as sliown in Idg. 4a, the cfjiistitution 



(.'iiiiiiiiimMIimi Ili I’lt iri'iit lii IVt ri-iit 


J 'lu. 4ri. F U 46. 

diagram for the two given components is oldained. Composition of the 
two components, IF (whit(‘) and B (l)lack), is indicated on the horizontal 
axis, and temperature on the vertical axis. The line CKD indicates 
cominencement of solidification and is called the liquidus, while the line 
FK(j indicales comiiletion of solidification ami is called the s[)lidus. The 
region above the line CFl) is a liciuid solution of IF and B, while every¬ 
thing l)elow the line FFU is cninpletely solidified. "J'he region Ixitween 
the two lines is the freezing range and contains both snliil and liquid. 

That solul)ilitv is nil in the solidified alloy is indicated by the fact 
that the line FKOI, marking the ctunpletion of srdirlification, extends com¬ 
pletely across the diagram. Thus, whatever may be the composition of 
the alloy chosen in the series IF B, completion of solidification will always 
be at a constant temperature F and this, in turn based upon inter¬ 
pretation of ex|KU'iment, anil particularly upon the deductions of the . 
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** Phase Rule/' is evidence of a lack of solid solubility lietween the com¬ 
ponents W and B. 

The solidification temperatures of W and B are at C anil D respectively. 
A feature of interest is that upon addition of II' to B, or B to ir, freez¬ 
ing begins at progressively lower teinperatures with each addition of the 
second elemen':., until finally a coniposition // is reached at the intersection 
of CE and ED^ which has the Io\\ est freezing tempf'ratiire of any alloy of 
the series, and one which is usually below that of either of the cimslitinuit 
metals. This narks the so-called "eutectic point” of coni])osition and 
temperature, wl ich is constant for the particular alloy seri(‘s, but need not 
be, in fact usually is not, at a composition of definite atomic pro))ort in!is of 
the components. 

628. Behavior of Alloys in Freezing.—Two important rules applying 
to the two-phase portions of constitution tliagranis will now be consiilered. 

Rule 1 states that if a liorizontal line is drawn thia)ugh a jmint, .r, of 
definite composi Jon and temperature, in a two-j)hase fi'dil, such as the 
solid plus liquid field of Tig. 4b, the intersections of tViis line \\ith the 
boundaries of the field will give the comi)ositions of the two i)hases in 
equilibrium with each other at th(‘ given tem])erature. 

Ruh^ 2 providi'S information as to tin* ndative amounts of the Iavo phase's 
presi'iit at any teinperaturi' within tlie tAvo-phase field. 

On the horizontal lint' indicatcal in Ruli^ 1, tlu' n'lativi' wi'ights t>f the 
two phases, such as solid and liipiid in Fig. 4b, an* represi'nt(‘il l>y the 
lengths of the horizontal lini' from the given ])oint, .r, to the. liquidus and 
to the solidus linc'.s respi'ctively. 'This relationship may Ix' seen to l)e quali¬ 
tatively true by noting that as the temperatun^ dt'creasi's the length ol the 
line representing Wni relativt' Aveight of tin* soliil increases while that repre- 
siniting the relative Aveight ol the liquid rt'mains the same. Iliaicf' the ratio 
of solid to liquid i.s shoAvn to be increasing, as it obviously should b(\ 

In discussing the changes that take place in an alloy of composition M, 
Fig. as it cools from the liquid state to mom temperature, it is assumed 
that the cooling rate is slow enough for equilibrium conditions to be main¬ 
tained at all times. This alloy at a temperature h is a homogeneous liquid 
solution of W and B and will remain so until the temperature has droijped 
to is, at which point freezing must begin. According to Rule 1 the first 
particle that freezes out of solution must be pure W. As the temperature 
falls, more of the 4V component freezes out, while the liquid becomes 
richer in component B. Investigation of the conditions at temperature ^4 
shows that the solid particles freezing out are IF, while the composition 
of the liquid is represented by N. Application of Rule 2 at this tempera¬ 
ture indicates that the ratio of solid weight, W, to liquid weight, IF plus B, 
is given by b/a. From h to tr^ more IF continues to freeze while the 
liquid composition approaches the eutectic E. At a constant temiX 3 ra- 
ture of fs the last residual liquid of composition II solidifies to form the 



576 


FORMATION AND STRUCTURE OF ALLOYSi 


eutectic while the primary pure W does not undergo an^ clsnge. The 
eutectic formed is a mixture of W and B crystals, each dennit^ visible at 
high magnification under the microscope. From kt down to ropm tempera¬ 
ture there is no further change, and the resultant alloy has a heterogeneous 
structure of large primary W crystals [)lus eutectic areas, which as previ¬ 
ously indicated are themselves hetertjgeneous. 

Tlie mechanism of cooling of an alloy of composition P is similar to 
that of the alhiy just discussed, except that the prim ary «(?Hdfthat freezes 
out is now pure B instead of pure W. In the solid plus liquid range, more 
and more pure B freezes out as the temperature drops while the liquid 
comjiosition gradually approaches the eutectic. At a constant tempera¬ 
ture of t:, the residual liquid again freezes to form the eutectic. The final 
structure in this case would consist of large primary B crystals plus the 
eutectic of W and B, The eutectic alloy, composition E, will not freeze 
on entiling until the temperature tr, is reached. At this constant tempera¬ 
ture complete stiliilifieation will take place and a structure entirely eutectic 
will be formed. It should lie noted that, regardless of alloy composition, 
fimd freezing always takes place at temperature fD- 

If a fast-cotiling rate is userl instead of the slow rate assumed, the 
resulting structure will be liner in lioth primary crystals and eutectic, but 
there will little change* in the relative amounts of each. A fast-cooling 
rate will also teinl tn reduce segregation of the primary crystals. 

629. Structures of Alloys of Perfect Solubility—Solid Solubility Nil.— 
An alloy strucUire of definite type will accompany the method of solidi- 



I’lG. 5ii.—Phi)1 Diiiirmpriiyih nf an Alloy of 
KaiiiiL Itirls of (/y) anil Anliinoiiy 

(11). Sliinvs rui)[\s of nxi'i’ss nnlimony 
in a. I'litiH'lii: of li'iul ami antimony. 
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Fig. 51).—Photomicrogniiih of an Alloy of 
Antimony (ly)andLeail [R) Goiitaming 
95 Pit Cent Notr Ihe oval Ijlack 

an-a.'^ nf Inatl surround C'li hy the CTit[M;tic 
network. 


fication outlined aboA^v Assuming W to crystallize as cubes, such por¬ 
tion of this consfiiaent as solidifies during the. period of primary selecti\e 
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freezmgj will make up a ground mass of white L'id)es, being free tn build 
up on the cul)ical nuclei of initial crystallization because of the relative 
mobility of the reinaining liquid jiortion during the temperature range of 
selective crystallization. The eutectic, on the other hand, will occupy the 
space remaining after the interval of primary crystallization, but will exist 
in this area as a composite gran¬ 
ular or lamellar structure of 
white and black particles. For 
all alloys on the W siile of tlie 
eutectic proportbns, IF will ne 
the excess substaice, exliibiting 
primary crystallisation.; while 
all of the B cohstitjueiit will 
appear in the eu'eetic. The 
relative proportion of primary 
constituent IF and eutectic will 
depend upon the initial composition oT tlie alloy; the more rirli it is in 
14', the less will 1)0 tlie relative quaidity of eutectic. 

A typical structure is slniwn in I'ig. on. The whit(‘ cid)es f)f \\\ exhibit¬ 
ing various polygonal shapes de|)ending upon the j)urely cliance lonu of 
orientation .and distribution of the cubes, and tin; |)lane of cutting of the 

section, are ind)ediled in agran¬ 
ular wliite and black raitectic 
of relatively finer state of 
aggregation of l)oth W and B. 

All alloys on the B side of 
the eutectic proportions (B is 
in this case called the excess 
substance, rr*ga rill ess of the 
particular weight relations) 
will exliil)it a strncture of black 
aggregates of regular outlines 
due to primary crystallization, 
together with a composite 
l)lack and white granular or 
lamellar eutectic, the latter 
similar in all respects to that 
characteristic of the VF-rich 
alloys described previously. The typical stnicture is shown in Fig. 5b, 
assuming B to form aggregates of oval form. 

Should the initial alloy l)e of eutectic composition, there will l)e no pri¬ 
mary crystallization of either W or B. The striu'' 're will be entirely 
eutectic of either granular or lamellar type (sc^e Figs. 6 and 7). 



Fig. 7. — Ph[)toinifrngrM|ih Showing h.ijtcflit 
Alloy f)f 13 Vvr Cfiit Antimony ond S7 For 
Cont I.i id with a Few Sogrogatod Antimony 
CrystalM. 




I.HiiiHlar 

Fig. fi.—L;iinoliar ond (iiMiiulur Tvi) 0 s of 
I'hitiMdii’ Stnirturi’. 
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630. Summaiy for Alloys with Solid Solubility Nil.—To suitimarize, 

binary alloys of the type where solubility is complete in tho liquid state, 
and nil in the solid, are characterized by the presence of a eutectic 
^througliout the series. All intermediate alloys, therefore, solidify at tem¬ 
peratures lower than those of the two constituent metals,^except for the 
unusual limiting case where the eutectic f)oint is of the series 

coincident with the constituent metal of lowest freezing temperature. 
Freezing is sjjread over a range of ttiinperature and is rigidly selective 
throughout the series, with primary crystallization of chat component 
which is ill excess of the eutectic proportions. The eut©fctic occupies 
the areas remaining after primary crystallization, {|nc its, quantity is 
inversely proportional to the distance of the particular alljy fr»om the eutec¬ 
tic composition. The eutectic always solidifies at coiutant temperature, 
is always of constant proprirtions, wdiich are only comc.dentally of atomic 
ratios, and is a composite of relatively finer state of aggregation than 
the excess nuital of primary crystallization. All alloys of the series are 
heterogeneous throughout, and consist of an excess sulistance, which may 
Ik? either pure nu‘tal, plus tlic eutectic. Typical alloys of this series are 
lead-antimony and lead-tin. 

Binauy ALTiOVs win I Liono Solujulitv rEiiFEc r, Solid Solubility 

Peufect 

631. Typical Constitution Diagram.—The assumption of a solubility 
in the solid stale, wlii(;h is complete throughout the entire alloy serievS, 
implies of necessity perfect homogeneity of structure. Experimental 
evidence, however, indicates selectiveness during freezing, wtjth conse¬ 
quent lieterogeneity which is effaced only after solidification. 

A typical constitution tliagram is given in Fig. S, plotted in thi^|UBtom- 
ary inanner as a function of temperatures for ordinates against ^j^nposi- 
tion abscissae for two components W (white) and B (black). The j^^iduB 
and solidus, as determined by transition points noted on cooling '^ves 
taken for variiius compositions within the s(?ries, are given by tl Ijaes 
CnD and CoD respectively. The region above the liquidus will be a^^np- 
geneous litpiid solution of W and B. Between the two lines is the 
of selective fret'zing containing both liquid and solid solutions of W 

632. Behavior of a Typical Alloy in Freezing.—Again cooling is assumed 
slow enough for equilibriuiii to obtain at all times. For an alloy of com¬ 
position A^, Fig. 8, freezing >Yill begin when the temperature falls to to. 
Rule 1 indicates that the composition of the first frozen crystal is repre¬ 
sented l)y F. Since tliere is complete solubility in the solid state, thia 
particle wall lie a homogeneous Ideiul, a solid solution of W and B, which 
has no tendency to i^jilit up iiilo its constituents. 

As the teunierature drops to fa the composition of both solid and liquid 
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is constantly changing; and more crystals arc being fonned. At h appli¬ 
cation of the two rules indicates that the ciunpositii.n of all the solid is 
represented by G, while tliaf of 
the liquid by K, and that the 
ratio of solid weight to liquid # 
weight is given by h/a. Because ^ 
of the solubility in tlie solid t 
state the crystals formed during ^ 
the drop in temperature from ^ 

to h tend to diffusci into a homo- s 
geneous unit and to draw enough ^ 

B from the liquid to enrich the S 
resultant blended solid to com¬ 
position G at t.i. 

Freezing continues as the 
temfK^rature ilrops from in to ^ 

resulting again in constanlly 
changing liquid and solid com- I'uj. s. 

positions and an increasing 

aintnint of solid. If, as has Ikumi assumeil, diffusion of the solid particles 
has kept pace with their crystallizatioJi from the m(*lt, solidiheation will 
be complete at h. Tlie Iasi liquid jjortion just )K*fon‘ coni[)U‘tf^ solidifica¬ 
tion will have the composition L. The solidified alloy will l)f‘ a lujinogene- 
ous light gray solid, and will have a composition A , which is identical to 
that of the original liquid. Alter comi)lete solidification no further change 
will take j)lace from i.[ ilown to room temp(‘rature. 

Sliouid diffusion in tlie solid fail to ke(‘p pace with the ratf* of crystal¬ 
lization, freezing will not be compleleil until th(‘ melt has reached a com¬ 
position between n and J); the last frozen jiarticle will in this case have 
a composition lietwecn o and J). And liecause id’ lack of diffusion of the 
solid particles, the resultant alloy will exliiliit a heterogeneity in the indi¬ 
vidual grains, progressively shading in color from the lighter gray of a 
nucleus of IF-rich material of composition somewhere btdween / and e, 
to a relatively darker gray of the last freezing portions of B-ndi material 
of composition between o and J), The extrrane or limiting condition, 
provided no diffusion in the solid resulted, wouhl Ix' a nucleus correspond¬ 
ing to the first frozen material /, shading progressively to B, marking the 
l)Oundaries of the individual grains. But in all cases, the structure should 
exliibit a mass of grains, similar to that of a pure metal (Fig. 2); with 
each grain a crystalline aggregate having the homogeneity of a solid 
solution under ideal conditions, l)ut actually approaching this only to 
the degree that diffusion in the solid has effaced the heterogeneity result¬ 
ing from selective freezing. 
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Attainment of homogeneity depends upon the characteristics of the 
constituent metals, and upon the condition of cooling. Since diffusion 
in the solid is relatively rnucli vslower than in the liquid state, slow cooling 
at temperatures just behjw the stdidification range is rather an essential 
condition to promote homogeneily; rapid solidification and cooling to 
normal temperatures, on the contrary, promote lieterogeneity of the 
characteristic shading-off type discussed al)ove. 

633. Summary for Alloys of Perfect Solid Solubility.—To summarize, 
binary alloys of the ty[)e having complete solubility in both liquid and solid 
states, solidify by a process of stdective freezing. This is not rigirl, how¬ 
ever, and the heterogeneity of structure resulting from such selection is 
effaced l>y tliffusijjii, under ideal conditiotis of cooling; the final alloy is 
then a solid solution with homogeneity of structure. The so-called 
“ onion [)eel type of structure may result if cooling coiulitions are such 
that there is not complete effacement j)f tlie heterogeneity of selective 
crystallization. All alloys of tlie series must freeze over a range of tem- 
peratun;, anil there can be no solidification at constant temperature cor¬ 
responding to the eutectic of alloys of the immiscible type. Typical 
alloys of this type arc^: iron-manganese and antimony-lnsmuth. 

Binary ALiiOvs with Lioitid SoniriuniTv Solid SoLrniLiTY 

Partial 

634. Typical Constitution Diagram.—Partial sohil)ility in the solid 
state im[)li(‘s perfect iiiiscibility, with accompanying homogeneity of struc¬ 
ture, at either or l)oth ends of the series, up to particular limits of satura¬ 
tion. Beyond these limits, tliere must be se[)aration of the constituents, 
and lieterogeneity of structure. The relations are a coinliination of the 
two types jireviuusly disemssed. 

The conventional Greek letters are useil as names of the solid solutions 
in the typicid constitution tliagram shown in Fig. 9. There are seven 
characteristic areas; 1, the molten solution; II and III, the regions of 
selective crystallization containing a solid solution plus liquiil and soliil 
solution jilus liriuid, respectively; IV and V the regions of solid solubility, 
a and f3 solid solutions, respectively; VI and VII, the regions beyond tlie 
saturation limits containing a solid solution jilus the eutectic, and 0 solid 
solution plus eutectic, respectively. The limils of solid solidiility are 
marked by the eutectic line UKF\ that is, the presence of a eutectic is evi¬ 
dence of final solidification at constant temperature and composition, and 
of consequent sejiaration, in accord with the deiluctions of the “ Phase 
Jlule,^’ into the ilistincl constituents. 

636. Behavior of Typical Alloys in Freezing.—An alloy of composition 
V will solidify entirely in accord with the method outlined for complete 
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solubility. Freezing will start when temperature fi is reached^ and the 
composition of the first solid crystal forming will be L. The solid freez¬ 
ing out of solut ion is neither pure IF nor pure B, but a solid solution of both 
ricli in T1 , which is called a srdid solution. As the teinperature drops, the 
composition of botli liquid and solid is constantly changing, and more 
solid is Jreezing out. The composition of the last j.K)rtion of liquid just 
before complete solidifica¬ 
tion at teiiijierature L is 
M. If a vc/y slow rate 
of cooling has been main¬ 
tained, the heterogeneity 
of the final structure due 
to the selective crystalliza¬ 
tion through llie freezing 
range will be effaced by 
iliffusion of the solid par¬ 
ticles. ddie final slructure 
at /j and down to room 
temperature will be a 
homogeneous solid solu- 
ti[)ii of cumpositif)!! K and 
of light gray colf)r due to 
the preponderance of white 
constituent IF. Tlie above 
composition range fiO to (/. 

The above reasoning will hold, likewise, for the solidification of an alloy 
of composition Z. /3 solid solution, rich in the })la,ck constituent 71, will 
freeze out, however, instead of the a solid solution, ami the composition 
of the solidified alloy will be Z. Tlie final structure in tliis case will 
con.siderably darker than the f " alloy because of the large amount of B 
present. As indicated in Fig. D, tlie final structure for all alloys between 
F and 100 B will be jS solicl solution. 

An alloy V will begin to fre(‘zc at temperature h, with separation of the 
first frozen pi rticle of a solid solution with a composition N. As the 
temperature drops the composition of botfi liquid and solid is constantly 
changing, and more solid continues to freeze out. At (. 4 , assuming a very 
slow rate of cooling through the freezing range, diffusion of the solid 
particles plus extraction of sufficient B from the melt has resulted in a 
completely homogeneous soliil solutitm of ct)mpositioii G. The last 
residual liquid at U has the composition E, and final solidification proceeds 
at ooiKstant temperature accompanied by immediate separation of the solid 
constituents of the eutectic. Owing to partial solid solubility, the eutectic 
will not be a composite of tlie two pure components IF and /i, but 
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discussion will hold for any alloy in tlie 
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will consist of a heterogeneous mixture of particles of W saturated with B, 
and B saturated with W ; in other words, of a granular or lamellar com¬ 
posite of a solid solution, composition G, and solid solution, composi¬ 
tion F. 

The final structure will therefore consist of a primary aggregate of 
composition G —a solid solution exhibiting its particular definiteness of 
crystallinity—together with a eutectic occupying the remaining area, 
and composed of a composite mixture of particles of composition G and 
each a saturat-ed solid solution. Tluj structure is heterogeneous, and is 
characteristic of all alloys between G and E; the differences Ixd ween these 
alloys being in the rpiantitative proportions of primary substance with 
respect to eutiadic, the, amount of the latter increasing from 0 to 100 per 
cent as the comptjsition of the particular alloy varies Irtjin G to E. 

Alloys of comf)ositioii between E and F solidify in a manner similar 
to those just discussetl. The excess substance of primary crystallization 
is, however, a saturated solid solution of compositioJi F, which will struc¬ 
turally exhilht its particular definiteness of crystalline hal)it. The eutec¬ 
tic will 1)0 identical in composition with that resulting in alloys from 
G to E] tliat is, a heterogeneous composite of two saturated solid solutions 
G and F. The quantity of eutectic will vary from 0 to 100 per cent as the 
composition of the origimd alloy is shifted from F to E. 

Should the original alloy be of eutectic proportions 7?, solidification will 
not begin until the temperature has dropped to ^ 4 . It will then proceed 
at this constant temperature, with accompanying separation of the two 
constituents (7 ami F to form the characteristic granular or lamellar 
composite, making up the entire structure. 

If a fast-cooling rate is employed, instead of the slow one which has 
been assumed, the a and d solid solutions will be heterogeneous instead of 
homogeneous. The composition from point to point will vary instead of 
being the same. Also, a fast-cooling rate will result in tlie presence of 
some eutectic in the alloys between BO and G, ami from F to 100 B. 

636. Summary for Alloys with Solid Solubility Partial.—To summarize, 
binary alloys of the type where solubility is complete in the liquid state, 
and partial in the solid, are characterized by a eutectic for part of the 
stories, and this eutectic marks the limits of solubility in the solid. Freez¬ 
ing is selective throughout the series. It is not rigidly so within the limits 
of saturation, and the heterogeneity of selective crystallization should be 
effaced by diffusion in the solid, and homogeneous alloys should result. 
Beyond the hmits of solubility, the heterogeneity cannot be effaced by 
diffusion, and the resultant alloys consist of an excess substance of primary 
crystallization, plus a eutectic. The excess substance is a saturated 
solid solution, of either component of the series saturated with the other, 
depending upon the composition of the particular alloy with respect 
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to that of the eutectic. The eutectic is a composite of the two romponents 
of the alloy series, each saturated with the other, and is alwa^^s of the same 
composition for the particular series. All alloys of 
compositions within the limits of solubility are 
structurally homogeneous, provided cooling condi¬ 
tions have enabled diffusion to complete itself. 

Beyond the limits of solubility, the structure is 
heterogeneous. 

Modifications in the form of solidification dia¬ 
gram for alloys of this type of partial solubility,, 
are given in Fig. 10. The differences involved are 
only in details [)f progress of soliflification, and not 
in the character of structure r(\sulting. Idje reader 
is referred to treatises on metallography for did ailed 
discussion of these modified forms. 

Typical alloys of this class are those of alumiiium 
and zinc, copper-silver, and cadmium-niercury. 

Alloys of More than Two Components 

637. Complexity Due to Metallic Compounds,— 

Additional complexity is introduced into the vstinly 
of alloys V)y the presence of more than two com¬ 
ponents in the mixture and th(‘ possiliility of formation of chemical 
compounds between th(‘ constituents. 

If an intermetallii; comjiound, for (‘xamj)l(', of the atomic projior- 
tions IFi/^i forms in the alhy series \V-B, this conijiound is a homo¬ 
geneous, unit sul)stam-e, and usually is 
unlike the constiluent metals in its rnelt- 
ing-f)(3int or general pliysicNl properties. 
It enters into alloying relations with W 
on the one hand, and B on tlie other. 
Virtually, therefore, IF anil B no longer 
liave simpl(‘ relations with one another; 
t he si'ries b(‘comes a iluplex oni' of IF with 
WiB] and IFi/^i with B. Theie is a duplex 
set of .solubility relations, each inde¬ 
pendent of the other. Fig. 11 illustrates 
such a series, in which WiB\ and IF have a completely miscible relation 
in the solid state, whereas IFi/ii and B form heterogeniams alloys 
because of lack of solubility in the solid. No alloys of the series 
will nave free IF and free B together. A second compound W 2 B 2 
would make the couples of the complete series (W-WiBi), {WiBi- \V 2 B 2 ), 
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{W2B2rB)t each in reality a binary series independent with respect to the 
others. The simplest method of treatment of a binary alloy with inter¬ 
mediate chemical compounds is to break the series into its eomponiuit 
groups, and to consider each as a simple binary alloy having one of the 
three fundamental typtvs of solubility relations discussed heretofore. 

63B. Difficulties Encountered with Several Components.— The con- 
sideratioM of alloys with multiplicity of components becomes incieas- 
ingly difficult with increasing number of constituent metals. The possible 
groups of binary, ternary, etc., relations becomes very great, and it is an 
extremely arduous task to obtain all of the tiooling curves needed to make 
up the compl(‘t[^ constitution diagrams. The possi))le formation of com¬ 
plex chemical compounds also adds to the difficulty. Again, the graphical 
representation of the data becomes complex, or even impossible. For a 
ternary serit‘s, it is i)0ssible to represent the, composition relations by means 
of triangular coordinates; and with temperatures ploftral on axes per¬ 
pendicular to t his triangular plane, the solubility diagram takes the form of 
a space moilel in thre(.‘ dinumsions, as (compared wdth the two-dimension, 
plane diagrams of t-he binajy alloys. 

Much cxperinu'ntal data has beim obtained for tln^ rthitions in binary 
alloys; on the contraiy, l)ut little lias l)een done for greati*r multiplicity 
of coiTipomnits. At the presiait time the most satisfactory method of 
treatment of the jliffianait industrial alloys, most of wdiich have several 
component metals, is to consider first the binary ridabonships of the twm 
important constitinnils, and siil)ser|uently di'al with the mcdifying 
influences of the various secondary elements. 
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CONSTITUTIOX OF IROX AXD STEEL 

639. Necessity for Alloying Pure Iron.—V itv liltlc' of the inui which 
is employed in engineering construction is pure; the grenter prL)|)f)rtion is 
purposely alloyed with one or more elements to improve tlie inherent 
properties of the iron. The most important alloying Liemeiits :ire: carhon, 
silicon, nickel, chromium, manganese, molybdenum, vanadiiun, copper, 
cobalt, tungsten, and aluminum. 

640. Classifying Iron and Steel.—Dating from the tune when all iron 
products w^ere the result of primitive methods of manuiaclure, they were 
classed as (a) iron, material which wa)uld not luirden appreci;d)ly on sudden 
cooling; and (b) steel, material which did harden liy such treatment. 
Later, the nonforgeable cast iron came into the fold as a third variety of 
product. With the dc^vidopment ol Bessemer and oj)en-heart,h methods, 
it became possible to make a jiroduct of such low^ carbon content that; it 
did not harden any more than the older irons on riuenching from a red 
heat. A"et tliere was a greater selling value attached to tlie name “ st(‘el 
there wwis the fact that tlie low^-carbon material resulted from the modi¬ 
fication of the merest details of manipulation of processes wliicli equally 
readily made high-carbon product, or steel and there was no sharp 
dividing line between the classes of material. Thus, the name “ steel ” 
became associated wdth the j '’oduct of modern jiiuces.ses of maiiiif act lire; 
and has become rather firmly rooted in our nomenclature as covering all 
artiedes made liy Bessemer or open-hearth methods, regjirdlcss of their 
inability to harden on sudden cooling. 

The current usage in this country, as well as in Juiglaiid and France, 
is to classify as 

(1) Wrought iron—the product of tlie puddling furnace or sinking fire, 
also the product of the Aston proce.ss. 

(2) Steel—the product of the cementation process, or malleable 
compounds ol iron made in the crucible, converter, or optm-hearth furnace. 

In Germany the effort has been to group the products more in accord¬ 
ance wdth tieir physical properties, and the soft steel of the converter and 
open-hearth processes is called “ ingot iron.” 

585 
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The definitions which follow, unless otherwise stated, were proposed 
by a Committee on Nomenclature to the Sixth Congress of the International 
Association for Testing Materials in 1912.* 

Definitions PiiorosEo for the Prencipal Ferrous Metals 

641. Cast Iron.—Definit ian. Iron Piiiilaininii^ so much cjirhon that it is not usefully 
inallcal)lc fit any ti'inpcraLurc. 

Hrunarks. In AriK.'rica,, besides the foregoing geiiiTic meaning, “cast iron” is used 
also in a specific, scti.sc which excludes “pig iron” (sec below) and is restricted to cast 
iron in tlie form t)f laLstings other than pigs and to remidtcul cast iron suitable for such 
fastings. 'I'lie c.ji.st iron of comineri-e is nxluced froiii the ore, usually in the iron blast 
furnucc, in dir('(T cdiitm-t with solid carbon, and is then tapped from the lurnace in 
a niiilten slate. It :ilwavs contains an important prTcentage of c.arV)on, usually from 
2,5 per cent to 4.5 per cent, and in most cases an important percentage of silicon. 

Thi*re are three I'liief variidies of cast iron. 

Crtnj r\iHi iron: Ij.elativciy .snft, and characterized l)y the presence of sheetlets of 
gr[i|)hite, often funning an irregular skeleton. This is the variety used chiefly for 
engineering work. 

Whiff; iron: I^xtrernidy hard and brittle, characterized b}" having all or nearly all 
ils carbon in the combiiUMl stale, and by its consctiuent lack of grajdiite. 

Moffivtl coni iron: Iiit erinediat e betw[M'n gray and while cast iron. 

642. Pig Iron.-- Cast iron whiidi has heori cast info jugs direct from the blast furnace 
[)r il.s [‘(luivalent. 'riiis name is also aiijdied to molleii ra.st iron which is about to be 
so i‘iist into pigs, or is in a cundifion in which it could r(‘ailily l)e cast into jugs. 

643. Mixer Metal. -Mollen cast iron which has Ijeen passed into or through 
a inid al mix it, 

Iron Castings.- Definition. Cast-iron castings. 

Remarks. Tlu'V art^ usually maile either (1) by reinelting cast iron in a cuj)[)la 
or other furnace, or in cnicildes; or (2) from molten iron direct from the blast furnace. 

644. Malleable Cast Iron.—The following definitions for mulkuble cani iron and 
])farlitir rnnUcoldc rout iron were tentatively ado])ti'd by the American Society fnr 
Te.stiiig Materials in llKih (see A.S.T,M., Des. AU)0 3t)T.). 

^'Mnllviihlc Cod Iron, —Iron, w'liitc as cast, whj(‘h has been marie malleable by a 
heat treat,int'iit which has converted sidrstaiitiall/ all of the combined carbon into 
nodules of grajrhite.” 

"Tvorlilic MoUcohlc Cost Iron .—Iron, white as east, which has been maile malleable 
liy a heat triMtinent which h:i.s convirtcd some of the condiiiied earlion into graphite, 
leaving, howeviT, signiiicaul ; Miounts of condnned earbon in the product.” 

A}ith(H''s noic. In the above-mentinned types of mallealde cast iron there is only a 
small n'lnoval of earbon try oxidaiion. In Ihirojio certain malleable irrriis are mede 
relatively free of cariioii. d'his is accoinpli.shed liy annealing white east iron at high 
lu'at in an nxiili/ing jrarkiiig for a long lime. Mallealde cj is neither a steel nor 

a ca.si iron. It dilTers from steel in being ca.si into a ma ws ,^f„mall('able initially; it 
ililTers from cost iron in that it is renih*red nialleaiile lyv 1 |j.^„^^MU'nt after casting. 

64B. Wrought Iron. - Author’s Definition. A nialleal ,jp aggregated 

from solidifying particles of ndined metallii* iron with whirl without fusion 

is unifonnly mixed minute particles of ferrous silicate slag. \ 


145 of Sec. A. 


See Proc. l.A.T.M,, Sixth Congress, 1D12, j) 
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Author^s note. Wrought iron usually contains 2 or 3 per cent of slug but carries so 
little carbon that it does not lianleii usefully when suddenly et)ob'tl. 'riiough oeeasion- 
filly made direntlj" frtmi the ore, wrought iron is usiuilJy neule from pig iron by removal 
of sufficient carbon and silicon to converl the molten ])ig iron into i)fisty particles with 
slag interiiiingled. 

The same end is attained in the Aston process by charging rEdini'd molten iron at a 
liigh temperature into molten slag at a lowcu' leinpiTature. 

The pasty partinh^s obtained in eitluT proi-i'ss arc then collected into a coherent mass, 
the excess slag squeezed out, and the imdilK* Ijall or sponge thus forininl is rolled into 
shapes. 

Although wrought iron adulterated with steid scrap is sometimes sold as wrought 
iron, such procedure is contrary to the intent of the dt'finition (si'c iiUo A .S.T.M Di's. 
A 81-33). 

In Great Brit ain the term ‘ inallcabh' iron” is often useil in referencf' to wroiiglil iron. 
3'his is bail jiraetiee, since such usage is likely to leave thi* lay ri'iider in doiibl ndiethiT 
wrought iron or malh'able cast iron is meant. Clarity of ineaiiing will be proinoled b>' 
the avoidance of such exjjrcssioiis. 

646. Steel. —OHieial Definitions. See " C:irbon Steer’and Alloy Si eel ' behnv.) 

1. Fluid Origin.—Definition. Iron which is east from the luoKeii state into a 

mass which is usefully malleable initially at least in some one ra.ig.- of temperature. 
(See "Steed 11,” below.) 

Remarks. Such melal is steel whether it ran be. hardened or not, wliether it 
eoiitains much or little or even no carbon, ami for that matter even if it is cbemieEilly 
pure iron. It is .sometimes e.'ilh'd ingot melal. \\illi the i‘XCf‘jdion of blister 
steel" and its derivatives all the steels which have any present indiisIriaJ impor¬ 
tance including the "alloy steels" (see below) fall under this didinition. 

These steels have been divided into: 

(fz) Irifjot Iron .—Steel with too lit He carbon to hjvrden iisidully on r.apid cooling 
This name has never been widely used, ami for a long limi‘fell into comph'le disuse. 
It has lalely been revived as a trade naim‘. It should lie avoid(‘d in scientific 
and technical WTitings liecause, with tlic iron-carbon alloys divided into the four 
great species, (1) wrought iron, (2) .sliad, (3) ra.sl irrm, (1) malleable iron castings, 
it is confusing to call a variety rif “sletd ingot iron. 

(fj) Ingot .S’/rrd.—Steel with enough carbon (say U.-'K) per cent or more) to 
harden usefully on rapid enoliiig. 

Steel made by melting in a crucible is called "crucible sleid that made in an 
electric furnace, is called " eleidrie steel.' 

Steel II; Plastic Origin.—Definition. Iron which is aggregated from pasty 
particles wdthoul .subsequent fusion) is malleable at least in some one range of 
temperature) and contains enough carbon (say jier cent or more) to h.arden 

usefully on rapid cooling from above its critical range. 

Remarks. Bli.ster steel and its derivative.^ and a few other high carbon steelg 
wdiich are iiiiporiaiit tmday, are the only iiresciit .steels covered by this definition. 

The British MemVjera are unable to accept the nffirial <li‘fiiiilioii8 anti ar-er pL the followiniEalter- 
n a Lives: 

Steel: Iron cither pure or aBaociateil with other flcmiuits wliirli rontain.s Butririent rarbon to cause 
it to harden usefully when rapidly cooled from high teiiiperature.H and is hd riialle.'iblc initially, that it 
can be forged or rolled; also iron which has hecn easL frum a mollen si ate, w hirdi tloes not contain 
sulTieient carbon to [aiise it to liardcn usefully when rapidly rooliul, and is so initially inallDable that it 
can be forged or rolled. 

647. Blister Bar, Cement Bar, Converted Bar. —Official definitions. .Steel of 
plastic origin made by cementing wrought iron with carbonaceous matter. Also, 
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crirnmcTtiially, such steel when heated and worked into merchant sizes. Most 
writers have used “ lilister steel " in the former and broader sense. In Sheffield it 
is used solely in the latter and narrower sense. 

ItRinarLs. The blister sled of commerce is made by cementing very pure 
wrought iron with charcoal. The term Cemented Bar, may be applied in a gen¬ 
eral sense to any wruught-iron bar which ha.s been sul)jectcd to a process of 
cernentalion. 

64B. Blister Steel.—Bars rolled or forged from blister bar. Many writers have 
used “ bij.ster steel ” in the sense of “ blister bar.” 

Thn Rritish ^Itiniljiirs are iinatjlc tn nrrnpt fhp nffirial rlefiiiitiuna anil propose the following nlter- 
nativoB; 

JiliHrr litir, ('rmcnl Bar, Conwrlrd Bar: Dermition. IIIkIi flnas Sw eilisli or other wroiight-iron bar 
of etiual jnirity whir li Iuih Ijoi'ii Bulijenind to a proicHB of reineiitatioii in ronlart with rharcnal, while 
introiluring rarbrui into thr* irini also iluvelopB blistcrH on the Hurfare of the rcmeiited bar. 

Blifttrr Slnl: Drfiiiilinn. A term Hometinnoa iiaeil to deHrribe neinenteil eonvertci.1 or blister bar 
which huB hcen lieiiterj anil worked iiiLu iiierehani ei/ea. 

649. Plated Bar.—Definition. Bars of blister sled which have been rolled or 
hammered while hot. 

TIemarks. Mliis treatment, whieli i.s usually applied to such liars broken to 
conveiiiiuit lengths, flattens down their blisters aiul toughens the metal soiiiewThat. 

660. Single-shear Steel.— Definilion. Shear steel made by wdding a pile of 
plated bars into ii faggot. Also llic bars and other merchant .shapes made by 
rolling of hammiTing siicli a faggot. 

651. Double-shear Steel.--Definition. Shear sUad made by piling, ham¬ 
mering, and tluis welding liars of single-shear into a bliioni. Also the bars and 
other jnerchant slifipcs made by rolling or liammering siieh a bloom. 

602. Carbon Steel, nefinilion. Steel whieh owes its dislinctive properties 
cliiefly to the carlmn as ilisiingui.shed from the other elements which it contains. 

Bemarks. Though aiiioiig the alloy sleds some are but motleratel}^ malleable, 
among the i:arbi)n steels indii.slrial usage eoiifirins tlie name ‘'steel” to products 
inalli'able enough to be rolled or forgial into luendiant .shajies. 

663. Alloy Steel.Detiiiition. Steel whiili owes its [listiiictive properties ehiefly 
to some element or elements other Ilian carlion, or jointly to sueh other elements 
and carlion. 

Keniarks. Some of the allo^^ steels rieeessarily contain an important percentage 
of carbon, even as mueh as 1.25 per cent. Tliere is no agria'iiient as to wlicre the 
line ladween the alloy steels ami the carlion steels sliall be draw'ii. 

664. Ferro-alloys.—^Deliiiition. Iron so rich in some element or dements other 
than carbon that it is used jiriiuarily as a vehicle for introducing that dement in 
the manuracture of iron or steel. 

Remarks, d'he ferro-alloy.s are not usually malle[ible, and they usually con¬ 
tain more iif llie alloying element than is de.sirable in : n allii^^ .steel. With varia- 
tion.s in indu.strial conditions the line Vietwceii alloy sleds and ferri)-allo3\s must 
needs shifl. Indeial, a sulislauee might simultaiieoii.sly be an alloy in the machine 
sho]) anil a feiTo-alhiy in the steel iiiill. 

666. Semi-steel .—\ vague trade name for various products near the border 
line lie!ween steid and east iron. Among these are low carlion cast iron made in 
the air furmiee, or in the eupola furiiaee by the addition of sled scrap to the 
charge. Also a trade naiiie for malleable east iroii. 

Whilo thi^ report failrd of adoption, because of considerable oppo¬ 
sition, and docs not represent, the^refore, the official view’ of the Associa- 
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tion, it conforms very closely with the consensus in the United States. 

Composition and Constitution 

656. Composition of Iron and Steel. —Chemical composition of typical 
forms of iron and steel products finding utility in connection with engineer¬ 
ing construction are given in Table 1. Tlie much-used S.A.E. numbers 
for designating steels are described in Appendix B. 


TABLE 1.—TYPICAL COMPOSITIONS OF IMPOHTAN I’ I latPOl S MT/I ALS 


CoMroSITlON IN Peii ('ent (Iudn Omittedi. 


Metal. 



c: 

Si 

Mn 

S 

V 

Ni 


Ml 

'Ti 


1)1' 1)2 

< 01 

01- 02 

01- fl’ 

<r ill 





Hoiler plate. 

.10 .2U 

0,-) -. 1 .(i 

:io .50 

< . 05 

<. 05 





StniPtural fitcel. 

,1.^-2.') 

. o.j-. 2.^ 

30-..10 

.04-06 

.04-10 





Structural sLceI (electric) 

■ lo - .20 

. 05-. 2.^1 

.50 .80 

< . 02 

< .02 






.30-.40 

.05- 25 

4(>- 80 


C 1)5 






.'JO-1.0 

05 25 

25- 50 

-c' 05 

<r 1)5 






.10' 70 

< 20 

. 60 1 0 

< 06 

<10 






. fiO-l. 

10-.30 

10- 50 

< 03 

< fi.l 





Steel cahtingH. 

. l.V-. 40 

.20 .35 

50-1.0 

< . 0.1 

<.06 





Cast-iron ca.stinfi.s. 

2 . ;'-4.0 

.70 2.5 

. 40 1 0 

<.12 

.20 1.2 





Nickel .steel (structural) . 

.30 Ar> 

. 05 25 

.60-.70 

< .0,1 

< . 05 

3.5 4 1. 





1 .0-1.3 

.30 .80 

U 14 


< 06 





Tran.sformcr (.silicon)Hteel 

.00-.10 

•t.O 4.3 

.10-15 

<. 06 

< 05 



i 


Vanadium .steel. 

.2". ..TO 

. 10 .2.1 

.80-.00 

< . 05 

< . 1)5 



,1.1 ,2.1 


Tilaiiiuni rail steel. 

.4l)-..K0 

.05 ,10 

80 J . 0 

<. 05 

< . 05 




11) .20 

Nickel-cliruine steel. 

.20-. 40 

<.10 

.30 .60 

< . 05 

< . 05 

1.2 4,11 

.60 2.0 



Chrume-vanacliuin steel. 

.20-JiO 

.10.25 

.50 .80 

<. 04 

< . 1.14 


SO 1 . 1 

. 1.1 . 2.1 

vv 

lliKli-Mpeed steels *. 

. (lO -. 80 

.15-.40 

0 2 0 

<. 03 

< . 03 


3.0 5,0 

! 50 2.0 

13 1!) 

l§-8 Stainless Steel. 

< . 20 

.50-1.0 

< .50 

<.045 

< . 045 

7 10 

17 20 



Lojv Alloy flif!fi 










Strength Sleeln 








I u 


(‘Dr-teii. 

.10 

.50-1 0 

10-.30 

< . 05 

. 10 .20 


. 51) J .,1 

.30 50 


Y nl 1 ly 

. o.'i- . 2rt 

< .30 


< 05 

< . 05 

2 I) 


1.0 


.lal-rnii . 

< .3.‘» 


1.3-17 

< . 115 

< . 04 



< .11) 


Oroiiiarisil. 

. 10 , -i:. 

. 00-.!)0 

1.0 1. 1 

< . 05 

< . 0.1 


.41.) .i;i) 




* Suine hi^^li-speeil al.iu cunlaiu .1 tu 5 per clmiL uf l•l;bJlll . 


While commercial forms of iron and steel have in geiuTid several 
elements associated with the iron, and each of these has some efTect. on 
the physical properties, it is customary" to consider tlie material as essen¬ 
tially an alloy of iron and carbon, the inherent properties of which are 
modified by the other associated elements. 

657. Determinations of Constitution of Iron and Steel. —The pioneer 
attempts at grouping the iron-carl)on scries into a constitution diagram 
were made by Sauveur, in 1896, and Boberts-Austen, in 1897. In 1900, 
Roozeboom constructed a diagram based upon experimental data and 
interpreted in accordance with the Phase Rule.” The data were 
accurately redetermined and somewhat elaborated by Carpenter and 
Keeling, in 1904. Since that time many investigators have striven to 
determine the iron-iron carbide constitution diagram. Anujiig the more 
recent diagrams are those presented by Honda, Daeves, and Epstein. 
Probably the best available at the present time is that proposed by Epstein 
in his book Alloys of Iron and Carbon, 
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668. Critical Temperatures. —Iron is a relatively complex element. 
Between its freezing point of 1535° C. and normal temperatures, it exliibits 
transition points at 1400°, 910°, and 770° C. which are indicative of the 
allotropic states of the iron. Iron exists in three allotropic states (four 
if beta iron is accepted), from room temperature up to the freezing point. 
Alpha iron existing below 910° C. has a body-centered cubic lattice, gamma 
iron existing between 910° to 1400° C. has a face-centered cubic lattice, 
while delta iron existing between 1400° and 1535° C. has a body-centered 
cubic lattice. It has l>ecn proved definitely by X-ray analyses that beta 
iron has the same crystal structure as alpha iron. There is, however, a 
slight break in the cooling curve at the critical temperature of 770° C. and 
a loss or gain of magnetism l)y the iron when heated above, or cooled 
below, tliat temperature. The question of the existence of beta iron 
hinges mi tlie definition of allotropy. If this definition requires a change 
in the crystal structure, then beta iron does not exist; if only a reversible 
,flange in physical properties is required, then it does exist. The transi¬ 
tion from alpha to gamma iron at 910° C. is accompanied by a cliange in 
the crystallographic form of llie iron, which, in turn, affects the solubility 
relations of the iron and carbon, and, therefore, has a most vital bearing 
upon the structure and pliysical properties. The critical temperatures in 
the vicinity of 770° and 910° are called the A 2 and A[i points, respectively. 
Owing to lag in reaction, they are somewhat higher on rising temperature 
than if recfirded on cooling curves; tlie designations Ac 2 and Ac:^ are used 
for the former, and Ar 2 and An^ for the latter. In the iron-carbon alloys 
there arc two other important critical temperatures, Ao at 210° and Ai at 
723° C'. Ai) is important Ijocause it is the temperature at which there is a 
reversible magnetic transformation in the iron carbide; the importance of 
AI will be indicated in Art. 000. 

669. Definitions. —Iron forms with carbon a compound having formula 
Fe-jC, technically classified as ceinentite, and often called iron carbide or 
combined carlion. It contains 0.07 per cent of carbon and 93.33 per cent 
of iron, and is extremely hard and brittle; in fact the hardest constituent 
of steels, about 6 to OJ compared with 4 to 5 for iron in Mohs’ scale. 

In metallographic nomenclature the carbonless iron is called ferrite. 

Carlion in tlie form of small flakes or thin plates, which are mechan¬ 
ically mixed with the iron, is called graphite. 

Austenite is a solid solution of carbon in gamma iron. Maximum 
solubility of 1.7 per cent carbon occurs at 1130° C. 

Pearlite is a mechanical mixture of ferrite and cemeiitite containing 
12.5 per cent ceinentite and 87.5 per cent ferrite. 

660. The Iron-Iron Carbide Constitution Diagram. —For purposes of 
discussion it is best to consider the alloying relations between iron and 
cementite (FesC) as the constituents of the binaiy series. For each 1 per 
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cent of carbon there is Id per cent of FeaC formed, and the limit of the 
series will be at 6.67 per cent carbon, or 100 per ceiu of the P'eaC. A 
simplified constitution diagram is shown in Fig. L Tlie inelting-fK>int of 
pure iron is taken as 1535° C.; that of cementitc is not known, since it 
has not been isolated in mass, and it undergoes decomposition before fusion. 
It is not material to the discussion, however, since the useful range of com¬ 
position does not exceed 5 per cent of carbon contejit. 

In representing the simplified form of the constitution diagram the 
four omissions listed below have been made, none of whicli are believed 
to be of major importance in the discussion of ordinary iron-iron carbide 
alloys; 1, the Ao line at 210° C.; 2, the region at eutectoid temperature 
and carbon less than 0.04 per cent, in which there is a slight solnliility of 
carbon in alpha iron; 3, beta iron; 4, the peritcciic region at 1400 to 
1535° C. 

Consider first only that part of the diagram above 1100° C. Ii is 
typical of complete solubility of iron and carbon in tiv' liquid condition, 
with partial solubility in the solid, at least at tlie iron end of (lie series. 
Addition of either constituent to the other lowers tlie freezing-iioint of 
the alloy to a eutectic temperature and composition K of 1130° C, and 
4.3 per cent carbon (64.5 
per cent FeaC'), respec¬ 
tively. The limit of solid 
solubility is at S, that is, 

1.7 per cent of carbon, 
or 25 per cent of cement- 
ite, at 1130° C.; this 
solubility decreases, how¬ 
ever, with further lower¬ 
ing of temperature as is 
indicated by the slope of 
the line PS. 

Consideration of the 
diagram below 1100° C. 
indicates a complexity re¬ 
sulting from the change 
in solubility relationships. 

At 1130° C. gamma iron 
will have a maximum of 1.7 per cent carbon in solution, while the maxi¬ 
mum amount of carbon dissolved in alpha iron, at 723 C., is approxi¬ 
mately 0.04 per cent (not shown in Fig. 1). The breaking down of the 
austenite, because of the changing solubility relationships, occurs in a 
manner analogous to that of a molten alloy w^hose solid solubility is 
nil. The slope of the line GOP indicates that the presence of carbon 
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in solid solution lowers the transformation temperature of gamma iron 
to alpha iron. The slope of the line SP indicates that the solubility 
of carbon in gamma iron decreases as the temperature is decreased. 
The point 1\ called the cutectoid to distinguish it from the eutectic at 
Ef occurs at a temperature of 723° C. and a carbon content of 0.83 
per cent. The vertical line through S separates the steel region, 0 to 
1.7 per cent carbon, and the cast-iron region, 1.7 to 6.67 per cent carbon. 

661, Behavior of Typical Alloys in Cooling. —Examination of the iron- 
iron carVjide constitution diagram shows that it can be broken up into 
three regions. The transformations in the cast-iron region, 1.7 to 6.67 per 
cent carbon, follow in a manner similar to those of Art. 628. The changes 
from the molten alloy to solid solution austenite, 0 to 1.7 per cent carbon, 
occur in manner similar to those which take place for any two materials 
soluble in both licjuid and solid states (Art. 632). The transformations 
in tlie solid state for the steels from soliil solution austenite to ferrite plus 
pearlite, or to cemeaitite plus pearlite, are analogous to those which occur 
in two materials soluble in the liquid state but insoluble in the solid state 
(Art, 628). The changes which take place on cooling will be discussed 
for four typical alloys. 

Discussion of changes on cooling for alloy Fig. 1, will be typical of 
all the hy[)oeutectoid steels (0 to 0.83 per cent carbon). As alloy W is 
cooled through the molten region no change takes place until the tempera¬ 
ture a at the inters(’!ction with the liquidus AE. The first solid to form is 
austenite, with a carl)on content that can be determined by drawing a 
horizontal line through a until it intersects the solidus AS. As the 
tenqierature falls, freezing continues, and both the solid austenite and 
the liquid become richer in carbon. Freezing will be complete when the 
temperature has dropped to b. The resultant solid, with a cooling rate 
slow enough to alhnv uniforni diffusion, will be a homogeneous solid solu¬ 
tion, aust(Miite, containing the same amount of carbon as the liquid alloy W. 
The aiLsienite suffers no change until the temperature drops to c at inter¬ 
section with GOP. Here the precipitation of primary ferrite begins. As 
the temperature is decreased from c to d, more primary ferrite is pre¬ 
cipitated, and the austenite consequently becomes richer in carbon, 
reaching finally the eutectoid composition P at 723° C. At 723° C. the 
austenite splits up into the eutectoid mixture of ferrite and cementite, 
which is called pearlite, but the primary ferrite remains unc- anged. 
There is no further phase change with further cooling. The final alloy will 
have a heterogemeous structure consisting of primary ferrite plus pearlite 
(see Fig. 3?), 3r, 3d, and 3e). The proportion of pearlite to ferrite will 
depend on the carbon content of the alloy, reaching 100 per cent for a 
carbon content of 0.83 per cent. The final structure of the eutectoid 
alloy w'ill be completely pearlitic, as is shown in Fig. 3/ and 46. 
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The changes on uouling of alloy A" are typical of the hypereiitectoid 
steels, 0.83 to 1.7 per cent carbon. Freezing begins at temj)cratiire e, 
with separation of austenite, and is completed at temperature /. The 
mechanism of solidification between c and / is similar to (hat discussed 
previously for alloy W. There is no change in the austenite as it cools 
trom / to g. At g the first panicle of primary Fe.iCv is precipitated out of 
solution. As the temperature drops from g to 723° more primary 
FesC is precipitated, and the austenite becomes pcvorer in carlmn, reaching 
finally the eutectoid composition P. Again al 723° C!. the residual austen¬ 
ite changes to pearlite, while tlie jirimary cementit.e undergoes no change. 
There is no phase change ilue to further cooling, anil the final structure is 
heterogeneous, consisting of primary cementite plus jiearlite (fig. 3^). 
The proportion f)f j)rimary cementite will increase and that- of jiearlite 
will decrease as tlie carhon is raised above 0.83 jxu* eeid. 

Iron-carbon alloys of more Ilian 1.7 per cent carbon have a heierogeiie- 
ous structure after solidification at 1130° ( '. Alloy Y lypities (he hypo- 
eutectic cast irons, containing from 1.7 to 4.3 per cent cari)on. Solidifica- 
lion begins at i with separation of austenite from the luiuid and is com¬ 
pleted at k. Meanwhile tlie carhon content of tlie austenite increase's to 
1.7 jjfu- cent and that of the liquid increases to 4.3 per cent. At 1130° C. 
tlie primary saturated austenite rtanaiiis uncliangiMl, while the liquid 
solidifies to form the eutectic, a mixture of cementite and saturated 
auslOTiite. As tlie temperature cools from 1130° C. down to 723° 
cementite is precipitated out of the primary austenite and also out of the 
austenite in the eutectic, leaving less carhon in solution, as is imlicated liy 
the line *S7^ At 723° C'. the residual austenite has reacheil the eutectoid 
composition, and breaks down into pearlite. There is no further phase 
change down tn room temperature. Jn outline form the alloys between 
1.7 and 4.3 per cent undergo transitions as follows: 

At 1130^ {Pi’iiiKiry Auslriiili* + luilcctir. 


An.si ['nil(■ CiTucntite 


Primary Piarlitp Primary Pfarlilt; 

Cenicaiutc Crnienlilr J . 


pLTrite CGnmiitilK Ferrite Cementite Cf^iiHiritite 

Thus at ordinary temperatures, two constituents only, the cementite 
and ferrite, are present; yet there is complexity of structure because 
the cementite may have five degrees of aggregation due to the selective 


At 

Normal 

TeinpHraturi'." 
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separation, while the ferrite may have two—that in the pearlite from 
decomposed primary austenite and that in the eutectic. 

An alloy of the eutectic composition of 4.3 per cent carbon will undergo 
transition in accordance with that part of the diagrammatic scheme above 
referring to the eutectic. 

Hypereutectic cast irons, like Z, have a structure immediately after 
solidification of primary cernentite plus a eutectic of saturated austenite 
and ceirKintite. The proportion of this eutectic decreases with increase 
of carbon above 4.3 per cent. All of the cernentite remains stable upon 
lowering the tein])erature to normal; the austenite, however, undergoes 
progressive transition, first l)y primary separation of cernentite, and finally, 
at 723° (y. Iiy formation of pearlite. The diagrammatic representation ia 
as follows: 

Atir.ilh'Ct {rriiiiiirv Cenumtite + Euicutic 

I _ 

Aii.stL*uitc 

I 


Comiiiititi' FrrriU; -f ('oineiitite 
Ci'iiimtite 

The cernentite may have four degrees of aggregation; the only ferrite 
is that found in the pearlite formed from transition of the austenite of thf3 
original eutectic. 

662. The Formation of Graphite.—Silicon is always associated with 
the cornmerciid alloys of iron and carbon. In steel the proportion of 
silicon is small and its influence is chiefly confined to the mitigation of 
structural defects; but in cast iron, where it is present in larger pro¬ 
portions, silicon exerts an influence both on the solubility of carbon in 
iron and on the stability of cernentite in cooling. 

With 1 to 3 per cent of silicon and slow cooling the percentages of 
carbon retiiiired for saturation and for the eutectic are less than for a 
pure carbon-iron alloy. Therefore, points aS and E of the constitution 
diagram are shifteil to the left b}' additions of silicon. In the alloys 
having more carbon than the eutectic, the cernentite of region III is 
very unstal)le under the al)ove-inentioned conditions and readily breaks 
up into graphite and fejrite while cooling through region VI. In alloys 
of less carbon than eutectic composition the cernentite of region V decom- 
jioses quite easily. Cernentite liberated by cooling austenite in regions V 


At 1 I 

Noniiiil I C’riiiriilite 

''rcinniTiiLiirc | 
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and VI breaks up less readily, and that in the pearlitc of regions XI and 
XII is decomposed with difficulty. With the rate of cooling and carbon 
content constant, the proportion of graphite will vary witli the percentage 
of silicon. If the silicon content and rate of cooling are constant graphiti* 
zation will increase with the percentage of carbon. Again, if the compo¬ 
sition remains constant more carbon will be freed by slow cooling than by 
rapid cooling. 

Thus, depending on the proportion of silicon and the rate of cooling, 
a high-carbon alloy may have any one of the following constitutions: 

1. Cementite plus pearlite; 

2. Cementite plus pearlite plus graphite; 

3. Pearlite plus graphite plus ferrite; 

4. Graphite plus ferrite, which is the only stable constitution but 
is also ver}^ rare. 

663. Structures in Iron Carbon Alloys.—Fig. 2 gives in diagrammatic 
form the structural relations of the iron-carl)on series. For j)er cent 
of carl)OM, the relative proportions of 
the constituents will be tw’o-tliirds 
excess ferrite and one-third pearlite; 
for 0.6 ])er cent carbon, one-third 
ferrite and two-thirds pearlite; for 0.83 
per cent carl)on, all pearlite. AI)ovc 
0.S3 per cent carljon, ceineutite be¬ 
comes the excess constituent of pri¬ 
mary separation. An alloy of 2.0 per 
cent carbon will consist of 20 per cent excess cementite and 80 per cent 
pearlite; while with 3.8 per cent of carlion, the structure will slvow^ one-half 
cementite and one-half pearlite. The pearlite is in all cases of constant 
composition, 87.5 per cent of ferrite and 12.5 per cent of ceineiitile; and 
the total ferrite or cemenLite in the alloy will be that constituting the 
excess substance—either ferrite or cementite alone—plus the amount in 
the pearlite. 

Typical microstructures of the iron-carbon series are given in Fig. 3 
and 4. The etching has been with picric acitl solution; this reagent does 
not attack cementite, and ferrite in mass but very slowly. Therefore, 
they retain the mirror-like reflecting surface of the polished specimen 
and appear white in the photographs. However, it docs attack the 
ferrite of the pearlite, probaldy because of its fine state of division and 
the electrolytic action set up with the closely assr)ciated cementite. 
Consequently, since the ferrite constitutes 87.5 jyer cent of the pearlite, 
and the latter is usually in such a fine state of aggregation that under 
lower magnification (150 diameters or less) its separate constituents are 
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not revealed, the pearlite is apparently entirely etched, and then 
appears black in the photograph, due to the dispersion of the light by 
the roughened surface. 



(u) MagoificaticiiJ IDOOc/. 

l-'iG. 4.—^Globuliir Pearlite (a) and Laiiullar Pearlite (b). (Courtesy of Sauveur an;: 

Hoylston). 

Higher magnifications (500 to 1500 diameters) reveid the com- 
posite nature of the pearlite, sei‘ globular pearlite, in I'ig. Aa and lamella- 
type in Fig. 4b. The black constituent is the ferrite and the white, 
cementite. 


CHAPTER XXII 


PROPERTIES OF WROUGHT IRON 

6b4. Structure.—Under the microscope wrought iron is seen to con¬ 
sist of grains of ferrite more or less surrounded by filaments of slag. 
In the cross-sectional view of Fig. la the slag inclusions appear as dark 
rounded patches of variable size, whereas in the longitudinal section, 
Fig. U), their thread-like natuie is evident. The amount of slag in 



\a) ib) 

Fig. 1.—Ph()l oiniiTf)gr:iphs 1)1 Wroiighl Iron, (n ) Sor t ion Tmiisverse to Dircrtion 
of Hollins; tSi'i lioii PiinilU'.l to Rolling. (Courtesy of 8:iuv('iir ;iiiil Boylstoii) 
Mngnifu’iitiuii, 50 Diiimi'tons. 


the iron depends upon tin' character of materials charged into the 
furnace, upon the work leceived by^ the puddle ball and upon the 
amount of hot work done in shaping the iron. The size of the ferrite 
grains is dependent upon the time the metal is held at temperatures 
alx)ve the critical range and upon the teniperature from which il cools. 
High temperaturi'S and long soaking periods favor large grains. Rapid 
cooling and continued hot working of the iron while it is al)ove the 
rocalesci'iiee point efTect small grain size. To secure maximum fineness 
of grain the hot work shoiilil not cease until the tempcaaiurc has fallen 
to about 700*^ C. The ductility and toughness of the iron are ren¬ 
dered high by removing the slag and hy making the grain size as fine 
as possible without causing permanent distortion of the grains. 
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When, however, a wrought-iron bar of uniforni section is rup¬ 
tured in the ordinary tensile lest it generally exhibits an irregular 
fibrous fracture U'ig. 0, C'h. III). Oeeasionally, if ihe iron has been 
made from steel scrap or if it has not be(‘n properly worked during 
the boil,^^ the tension fracture will l)e partially or wholly crystalline. 
On the other hand if wrought iron fails under shock or under repeated 
loading it generally has a crystalline fracture. This circuinstance lias 
led some to the erroneous conclusion that the iron cia s(alli/es in service 
due to vibrations or shock. As a matter of fact the structures of all ferrous 
metals arc crystalline. Other indications sensed by the naked eye are 
due to the drawing out of the grains l)y tlie inethoil of testing to such 
extent that they are no longcT visible as such but :i]ipcar like' hlicrs,— 
or, in soft steel, like fine silk. Thus, good wrouglit iron normally pre¬ 
sents a distinct fibrous fracture in tc'iisiou diii' to llu' presence of the 
brittle slag filaments wliich iiupf'ih'ctly surround groups of iron grains. 
The latter are drawn out in the l(‘st, but the slag filai*!f'nts, being more 
brittle than the ferrite, cause minute i)laues of discontinuity wliich by 
contrast make tlie l)uiulles of iron grains ai)])ear like fibt'J’s. In soft 
steel where no slag is jirestad there is no grouping of iron grains; the 
structure is more hoiuogi'iieous, and the fracture, lieiiig much liner and 
more uniform in texture, apjn'ars silky. 

The occasional crystalliii(‘ fracture of wrought iron under static 
tension is generally due to the presence of particles of steel or cast 
iron in the path of the bnaik. ''riu'se particles on rupturing exhibit 
their normal structure. 

The crystalline fracture under shock is due to the suddenness of 
the applicalinii of the force, time not lieiiig given for more than partial 
distribution of the induced stresses to adjoining sections or for drawing 
out of the grains at the l)r(‘ak. 

When a bar of wrought iron containing considerable steel scrap is 
nicked with a chisel or groov(*d with a tool and broken transversely, 
it is likely to show a crystalline or partially crystalliiii! fracture, although 
in tension the fractuie may be fibrous. The crystalline fracture is due 
to the stress concentration at the root of the nick and the reinforce¬ 
ment afforded hy the sides of the nick. This condition causes a large 
stress to be exerted on a comparatively few grains without allowing 
elongation, and a break squarely across the grains ensues. The scrap 
steel portions of the bar containing little slag will, when fractured, 
apj)ear crystalline. 

The crystalline failure under repeated stress is readily accounted 
for by the formation of slip bands, as explaincrl in Art. 832. 

666. Defects.—The evil influences of phosphorus and sulphur appear 
to be less pronounced in wrought iron than in steel. This may be due 
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to the fact that there is less opportunity for segregation in the pud¬ 
dling process than in processes where the metal is cast from a molten 
state. Furthermore, much of the impurities in wrought iron are affili¬ 
ated with the slag rather than the iron. However, a very high sul¬ 
phur content (0.3 to 0.5 per cent) is likely to cause the iron to crumble, 
or exhibit what is known as red shortness, in forging or welding. Sec¬ 
tions rolled from red .short iron are likely to have rough edges. A 
phosphorus content of 0.4 to (J.5 per cent, if the phosphide surrounds 
the ferrite grains, causes the iron to be brittle at cold temperatures 
{cold short) and renders it hard and coarsel 3 '^ ciystalline. Such iron 
cannot be refined by heat trea(rm*iit. 

In sheets or plates spongy spots, often called spilly placeSj are occa¬ 
sionally found. These directs are due to burning of portions of the 
iron in puddling. Hlislcr.s are also ftjund on pla(i\s and sheets made of 
inferior iron. Tluy ai)i)ear to be due to the oxidation of carbon in the 
iron by the oxiile of iron in the slag. 

666. The tensile strength of wrought iron along the grain is 
practically the same as the ti'iiacity of ferrite, and varies fiom 45,000 
to 55,000 lb. per square inch. It is grt'ater in small rods and thin 
plates than in large bars and thick sections, the nuiterial remaining the 
same, 'bhis is shown in ]^'ig. 2, wluae the same material has been 
rolled into bars from | in. to 2 in. in dianu»ter, the tensile stiength 
varying from 52,000 in the snialh'r to 47,500 lb. per squarti inch in the 
larger sizes. The increase in strengih is probal)Iy due to the rt'duction 
in the size of the ferrite giains which is favored hy a large amount of 
hot work and is attended by an increase in densit^^ and colu^sion 
between grains. 

The Klastic Limit is more dependent on the thinness of the final 
section than is the tensile strength, as is well l)rought out in Fig. 
2. Here the apparcait elastic limit varies from 40,000 11). per square 
inch in the ij-in. rods to 23,000 lb. i)er sciuare incli in the 2-in. rods, 
and is almost identical with the " Aneld-point.” This increase in the 
elastic limit with increased reduction in the rolls always occurs 
with wrought iron and steel, but it is much more pronounced with 
wrought iron. The true elastic limit of wrouglit iron is nearly always 
much lower than the apparent elastic limit. In Fig. 2 it is found 
from 5000 to 7(/00 lb. lower in every ease. In mild steel these tw^o 
limits are almost identical. 

The PcrccnUigv of Eloiigaiimi in S in. varies from 5 per cent to 25 
per cent when tested in the direction of the filKU’s, depending on the 
quality of the material, the reduction of area averaging about 50 per 
cent more than the elongation. The elongations recorded in Fig. 2 
were all taken on a length of 20 in., w’hich somewhat reduces the per- 
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centage, especiall}’^ for smaller sections. Iron with high slag content 
will (exhibit less elon¬ 
gation and far less rev 
duction in area than 
the best grades of 
Swedish iron which io.Doo 
run low in slag. 

The j}ullmg speed 
appears to have little 
effect on the strength 
or ductility of wrought bd.cmm) 

iron when the test- .5 
pieces are of standard ® 
dimensions. In Tests c. 
of MctalSj 1887, p. 924, ^ 
there ai'c data to show 'Z 
that high speeds, say t 
5 in. per minute, will | 
raise the strength of § 
grooved specimens 4 
per cent and the ^ 
strength of specimens 
with short gage 3®,wo 

lengths, about 2 per 
cent above the values 

_ 1 , W.OOD 

for very sIoav speed.s. 

4'he ductility of such 
specimens is decreased ^ qod 

by rapid application 
of stress. 

667. The tensile " 

strength across the 

grain is always murh I'V. 2 .-Srr.ssHliaKrams (in 

“ * of \ jirviiiK Diltmders, all frnni l hi‘Siliiic Mutcnal. 

less than along the oii)n|!;ation.s mcasunnl 111 ;i li“M^th of 20 in. The 

grain for wrought iron, Ai.i>nrinil. IClnstic Limil. ” fulls frr.m 2% to 1 U% lower 
whereas with steel llian the inilif-itcil “ Kla.stie Liinit ” in the original 

there is no appreciable reiiort j it vanes from 2.1,0(K) in the 2-in. to 40,000 Ih. 

difference. From Bau- 

, noririanont sol, is less than 0.0001 of the length of the 

Pchinger s Conunumca- pp(.dm[*n. Pjarli rliagrum is tlic average of from 3 to 0 

<Z07lS,Vol. 2, the follow- of Metals, 1888.) 

ing data were gotten. 

The ratio of lateral to longitudinal tensile strength from eight tests 
in each direction on iron of an exploded boiler was 0.74. From the 
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same number of like tests on iron of a second boiler the mean ratio 
0.71 was computed. Results of tests on six new plates from as many 
difftiient sources yielded ratios of 0.76, 0.62, 0.92, 0.90, 0.76 and 0.83. 

It is assertetl that by cross piling of the “ puddled lumps ” (small 
slabs corresponding to muck bar) the best Lovvmoor iron plate of 
Yorkshire, ICngland, is givr!ii an ultimate strength parallel to the roll¬ 
ing of ol,5f)0 lb. per square incli and elongation of 16 per cent. Across 
the grain th(‘, strength is 45,000 lb. per square inch and the elongation 

12 per cent. This material is 
al)out four times as costly as 
the best of steel plates conse¬ 
quent I}?- its use for purposes 
where forging and wadding are 
not required is declining. 

In conclusion we may say 
that the tensile strength of 
wrought iron transverse to the 
direction of the rolling ranges 
frt)iii 60 to 85 per cent of its 
strength parallel to tliis direc¬ 
tion. 

668. The compressive 
strength of wrought iron, like 
that of other ductile metals, 
must l)e regarded as the yield 
point . At this stress the metal 
buckli'S out of shape; and, if 
the specimen has api)reciable 
length, failure follow^s. It is 
likid}' that thin sections which 
Fks. —Thv StuwriiiK StrpiigiVi of Wrniiglit Iron receive more w'ork during rolling 



m\ iho Six Priiu’ipiil IMiiiu's, rus (^ompuriMl Avil ii 
its Tensile Streu|;lh. Figures iiulieate the 
number of results iivcnigrit (liauschinker's 
Co?nm I (n i rrifft )m .s, Vol. IJ). 


will be stronger than thick 
sections. Assuming the yield 
points of wTOiight iron in ten¬ 
sion and compression to be 
the same, w^e sec from Fig. 2 that the ultimate strength in compression 
of short sections J to ^ in. in thickness wall vary from 40,000 to 30,000 
lb. per square inch. Since the elastic limit of thin steel sections is not 
incrcti.sed so much by reduction in rolling, it l)ecomes apparent why many of 
the wTought-iron columns built of very thin material have, when tested, ex¬ 
hibited ultimate strengths nearly as great as columns of mild steel. 

669. The Shearing Strength of Wrought Iron.—A very elaborate 
investigation of the properties of wrought iron was reported by Bau- 






THE MODULUS OF ELASTICITY OF WROUGHT IROX 


603 


schinger in his Comnmnicafions, Vol. 2. Ho made several hundred 
shearing tests on wrought-iron plate from seven different sourees and 
found the shearing strengths in (wo directions on tailt of three prin¬ 
cipal planes as shown in Fig. 3. Since there was a gr'iKMal agr(‘eiiient 
in the relative strength on these planes, only the averages for a tx)r- 
tion of the tests are given in the diagram. In general, we may say 
that the shearing strength aeio.ss the thickness of the plate, eitlier with 
or across the grain, is about 80 per cent of the tensile slrength, while 
if the external forces ari' ])arallel to the plane of the platt', and are 
applied on the planes lierpeiulicular to the plant' of the i)late, the 
shearing strt'ngth is al)out thi' same as the tensile stri'iigth. The shear¬ 
ing resistance, on a plane pfirallel to the plane of the plate is less than 
45 per cent of the tensile strength. 

670. The modulus of elasticity of wrought iron lies between 
25,(MX),000 and 2!),000,000 lb. per square' incli for I'ither tension or 
compression. Iron of goorl quality usually has a moilulus of iqiproxi- 
malely 27,000,000 lb. per stiuare inch. ValiU's reported l)y U A. 
Marshall in Trans. Am. Sue. Civ. Emjr., \o\. 17, ]). (»2, an- given in 
Tabic 1. 


TABLE 1.—VALUES 05’ ITIi: MODUIAS OE ICLASTIPITY OE WHOUtHIT 

lltOX 

(In lOOO riM.NDs Ui:u SguAne Inch) 


Sizi* nf 
r^Mr. 

Tf;nsi dn. 

/;i ! 

r'insf. ! St-njiifl 
L(J^l^lill4.^ 1 l.i'inliiit-'. 

C’n.Ml'lii.s.siiiN, 

/'.'i ; AV 

Fir^t Sf.-f’diul 

Sizi* nf 
liar. 

Tun 

/5 

1’ ir.sl 

I.riiulilii'. 

■illlN. 

1 .ululiiiK 

f (l.MPU 

Fi 

l-ir.Hl 

1 .natliiL^. 

KrtHlfiN. 

/5 

Sri’Oiiil 

1 jtiiiliiiK- 

3 ril. 

20,HIM) 1 27,r,(ll) 

2r.,sio 

2D, ton 

1 ,s.i. 

2S,2!)0 

2S,20n 

27, KK) 

27,000 

3 III 

2(i.!tS0 I 27.no 

2.5,1)20 

2D.210 

1 ril- 

27,51)0 

28,570 

27,250 

28,570 

1 nl. 

. I 20,700 ' 

2r},i\7{) 

2(i,14U 

1 nl. 

28,200 

28,480 

27,450 

2S,.57n 

1 rJ. 

27,Yin i 27, YH) j 

2(;.n2n 

2D,:;50 

1 nl. 

2D,5S0 

28,480 

2D,.500 

28,180 


2S,!)nO 1 . 1 

27,120 


1 rd. 

:in,ii)n 1 

50,100 

20.520 

20,010 

3 sq. 

27,7!K) 21), ISO 1 

25, (>50 

27,700 

j 

i"’.. i 

■ - - 



Isq. 

27,so() j 27,non ' 

i 

; 2f»,-Hin ‘ 

; 27,5f)n 


27,804 

28,20.5 

2D,7.54 

27,590 


They indicate that the moiluhis is slightly greater after the specimen 
has been strained than on first loading. The modulus of elasticity in 
torsion is approximately 11,000,000 11). pf‘r square inch. 

671. Effects of Overstrain.—As in steel and other duclili^ metals sc 
in wrought iron, when strained l)eyond it.s elastic limit and alIow(;d to 
rest the elastic limit and ultimate strength are raised but the elasticity 
under stress of opposite kind is impaired. Fig. 4 shows the effects of 
overstressing three 3-in. Xl -in. wrought-iron bars. The original bars 
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were 100 in. long between gage points. They broke at an average 
ultimate strength of r)3,200 lb. per square inch with an elongation 
of 16 per cent in 100 in. The second tests were made on the broken 
halves using a 5U-in. gage length. It will be noted that after several 
months rest the elastic limit, comput(‘d on the original area, is higher 
than the initial ultimate strength of the second test. The elongation 
has, however, Ijei'ii markedly nMliiced. Annealing of the overstressed 
pieces reduced the ela.^tic limit and ultimate strength below the orig¬ 
inal values. 8tretcbing the iron sliglitly beyond the elastii: limit 



0 D.LIl * (uvi "lljia "" O.IU 0.05 O.Oli O.BS 

]*n)|ii)rl loii ii.li' hMiiii^iit iini 


Fii;. 4. Wniu^lil Irnn lt‘irs,;?liy 1 liy 100 In., Tvelivslrrl. First test guvc ,SV = 30,000 
111 . per N, -AS.700 lli. \n'r in.^; jut vvnl rlonf!;. in 100 in —10. rptests 

wiTi’ iiKuli* on till* riiLls 1)1’ till’ linikrn liars, Elon^sations avpit, inpasiirprl in .50 in. 
Mini viiiil stri'ssi's wpri! cDinpiitiHl in lLn'ni.s of uriginiil nrpas. (7’tvi^s' of Alfloh, 
1S82.) 

would cause less marked cluinges in strength and ductility. Fig. 5 
shows that the magnitmle of the effect of overstrain is dependent to 
some extent upon the sid)seciii('nt period of rest. 

Fig. 6 illustrate.s the lo.ss of ela.sticity .suffered b}^ wrought iron due 
to reversal of stress immediately after overstrain. In the first test 
the spi'cimen was given a permanent elongation of about 1 per cent. 
After release of the tensile load it was subjected to compression, 
but showed a loss of elasticity as seen in the strps.s-tliagram. When 
coriif)resscd to its original length and reloaded in tension it showed loss 
of elasticity in tension. After being again overstraiiicd in tension about 
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1 per cent it once more became elastic, but lost its elasticity when 


elongated 18 per cent and rcloadeil 
in compression. Similar results for 
steel also are reported in Tests oj 
Metals, 1899. 

672. The toughness of wrought 
iron under repeated shocks has 
lead many engineers to specify it in 
preference to soft steel for certain 
types of shafting. It is also 
claimed that wroughl-iron studs for 
cylinder heads are tougher than 
those made of steel and that 
wrOLight-iron pipe buckles less often 
than steel in driving. \Mnitever 
evidence there may be of t he snperi- 
orily of individual jjarts, it does not 
seem fair, in view of variations in 
the qualities of both of the materials, 



PerlDil dT llusl In l>ii\ t: 


Fn;. —TiiiTi'ase in llit' Strnivicth 

of WvDiifrlit Iron all it liavinj; Ijitii 
S lri*s.siMl Id tin* "riiisilo la’niil and AI- 
l[)\ved to Jtost. J’oiiits represent 5 to 
15 resiiJls eaeli. {Rvpor! U. S. VV.sY 
B\KmL 1S81, Voi. T, p. Ill and 115). 

l>x|xu’imental evidence 
seems to sboAv Unit soft 
sirad of good tpiality 
lias jiiore capacity for 
al)sorbing tln^ (vningy of 
a singh* lilow. On tlie 
other band, basing judg- 
niiait u|)mi n‘.sults of 
impact tc'.sts on slottinl 
bars, it appears that 
good wr on gilt iion when 
nvcnstiaiiKMl letains as 
high ri'sistanee to irnpaet 
as soft steed similarly 
overstrained. 

673. The Strength of 
Wrought-iron Chains.— 
The hundreds of tests 
on wrought-iron chains 


to make sucli claims for (dass superiority. 



Fig. 6.—Showing that a Small Periiiainad Set in 
Wrought Iron either in d'ension it t'oinjirtr.ssion 


Greatly Reriuees the El!i.slie Limit in tlie 0|)po.site given in the RepOTl oj 
StrB.s.s, when that Stress i.s Irnriiciliately Appliial. [j Tesi Board 

(Gray, in The Digest of Phys-ical Tests, \o\. T. r*. 2:i2, ^ 

th(i ultimate strength of 
chains may be taken at 1.6 that of the iron from which the links are 
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made. It also appears from these tests that open links are somewhat 
stronger than studded links, though the open-link chains take a permanent 

;m^ooo__ ^ set earlier than the studded links. It 

j is thought, however, that open-link 

--! rabies would foul more readily than 

I the studded cables. The elastic prop- 
iB,ooo of opfuj-liiik chains made of 

■S A - shown in 

§ / ! I Fig. 7, where the tests have been 

^ 10,300 _ if _ _ ! I (tarried to the proof-load only, this 

5 Jr I I lining such as to give to the chains 

►3 ~ f - - I f a permaiK^it set of about 2 per cent 

jl ! j of their length. They now become 

7 .. I f perfectly elastic to 20,000 and 15,000 

/_ _ __jL 11 >■ respiM'tively, and are also about 

' ^ live times stiffI'r, or more rigid, than 

0 ----^- they were at firsf. All chains are 

iTiiportiominjEiDiiferatiDa imiirovoil by this treatment, while it 
Fiti. 7. -Proof 'I'rsu of \Vroii(rt,(-iroi. disf'ovt'rs any very poor welds 

("hfliiis wiili Opun Jiiaks. Thn llS- the chain may have, 
in, lOinin vvm.s nf l-iii. iron, ilin From tluMireliciil analyses and 
ciijiin (if i-iii iron. (lists of nxpc'rimenis on both open and 

Mrials, lSU- 1 .) . i v i .1 1 1 1 ivt * 

stud links, tioodenough luid Aloore * 
have arrived at the following appro.ximatc formulas for maximum 


0 D.in o.in! 

I'riiportloiiiit<3 El onj^atloa 

Fin. 7. -Proof "I’osts of Wroufrlit-iron 
("hfiins wilh Opon Jiinks. "I'ho IIS- 
in, rlinin vvm.s of 1-in. iron, ilin 

f)()-in. ciijiin of J-iii iron. (Trsts aj 
Mrials, ISai.) 

have arrived at the following 
stresses in chain links: 


for open links, 
for stud links, 


where St is the maximum unit tensile stress, P the load on the chain, 
and A tlie area of the stock. For either of the above chains the com¬ 
pressive stress on the inner fibers at the link ends is approximately 
double the. nuixiinuin tensile stress. However, since the length of link 
under comiiression is very short and siiiee additional secuiity is affected 
at these points b}" tlie pinching action of the adjoining links, it appears 
practical to base the design upon the tensile strength of the link If 
15,000 lb. per square inch is considered a safe value for tensile stress 
ill chains, then the above formulas reduce to P = 6000 c/“ for open 
links and P = 7500 d- for stud links, where d is the diameter of the iron. 

674. The Welding of Wrought Iron.—One of the most valuable 
properties of wrought iron is the facility with which portions of 
* Bull. Ni). 18, Kngr. Expt. Sta., Fniv. of III. 
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it may be united by squeezing or hammering wliile at a high heat. 
This characteristic renders the iron vei^" useful to the smith. The 
property is due to the high plasticity of the iron throughout a consid¬ 
erable range of temperature extending below a white heat. Plowever, 
if the iron parts are heated to such temperatures in the presence of 
much air their surfaces soon become coated with a him of iron oxide. 
Consequently it is difficult to bring the welding surfaces into perfect 
contact. To avoid imperfect cohesion it is necessary that the central 
portions of the siufaces in the weld be first brought togellier so that 
the oxide forming at tlie joint may be expedit'd outward and not 
entrapped as the seam is closed under the hammt'r. The evil etTects 
of the oxide may be greatly reduced by using liorax or other flux 
which acts as a solvent of the oxide and renders il more easy to expel 
from the joint. Mort'over, by maintaining a thick fire in wVii ’h most 
of the oxygen is eomliineil with carbon, or l)y lit'atiiig the ijarls in a 
rnuffie it is possible to consideraldy italuce the anionnt of slag formed. 
One of the advantages of electric welding lies in th(‘ fact that no air 
blast is emi)loyed, and by having the })arts in co.itiict during the 



LaiiWi-lil ewat Weld Butt Wold 

Fin. S.—ConiniDii Types of Welds. 

heating period, air i.s largely excluded from the welding surfaces and 
hence litfle oxide is there formed. 

Fig. 8 show's the coininon types of welds and the shapes of the parts 
prior to welding. After the parts have been shaped and upset as 
required by the work in hand, thew are ridieatecl. if ni'cf'ssary, and 
then rapidly hammered unlil the metal is Ijelow a ivd heat. This 
hot work reduces tlu' grain size' and renders the iiudal at the weld more 
ductile and tough. Inasmucli as Ihere is likely to be overheated metal 
on either side of the joint Avhich ha.s not bet'ii propt'rly worked during 
the welding, it is best, wherever po.K.sil)le, to anneal wadds and thus 
secure uniformily in structure and properties of the metal in the vicinity 
of the joint. 

On account of the difficulties encountered in welding, the strength 
of welded joints is likely to vary from 30 to 100 per cent of the 
strength of the parts joined. With the most careful hand welding 
Kirkaldy reports the following average efficiencies: For the strengths 
of joints in round tie-rods IJ to 3^ in. in diameter fit) per cent; for 
flat plates 2^ to C-in. wdde and \ to l-in. thick 71 per cent; for chain- 
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link welds on to 2|-m. iron 216 tests gave an average efficiency of 
83 per cent.* 

Carefully conducted tests by Bauschingcr showed an average 
efficiency of 95.6 per cent for wrought-iroii and 89.2 per cent for soft- 
steel joints. Hand-forged welds of wrought iron gave an average 
efficiency of 87.9 per cent; those forged by steam hammer had an 
average efficiency of 91 per cent. With soft steel the hand-forged welds 
had an average efficiency of 84 per cent, while the power-forged welds 
developed an average cjfficiency of 97.2 per cent. The efficiency of 
the steel welds varied much more than those of wrought iron. These 
tests represent what can l)e done under b(ist conditions in welding bars 
which vary in size up to 3 } by 1.2 in. in cross-section. 

Tests at the University of Illinois f on low-carbon steel welded by 
an oxyac(‘t 3 dene torcli indicate that the efficiency of the material in 
the joints under static tension will average about 75 per cent when 
the work is done by a skilled operator. By slightly building up metal 
around the welds it is possible to make the strength of the joint equal 
to the strength of the solid section. Under impact the efficiency of 
oxyacetylene welds was al)Out 50 per cent. 

676. Methods of Distinguishing Wrought Iron from Soft Steel.— 
Often the mechanical propertif*s as revealed by the tension test are 
ample to diffiTcaitiate st eel from wrought iron. Generally wrought iron 
..xiiibits lower clastic limit, ultimate strength and elongation than steel 
and a very much less reduction in area. Tlie fracture is jagged and 
fibrous when'as steel is cup-cone and finely ciystalline, or silky. 4he 
nick-bend test (Art. 144) serves as a determinator if the iron has a 
pronounced fibrous fracliire. Gompression tests on short prisms of 
wrought iron aiul steel generally furnish indications (Fig. 11, Ch. III). 

Resistance to corrosion is another basis of distinguishing l)etween 
thesr* metals, d'he ends of small rods are turned or filed sino[)th and 
suspf'iideil f(n- al)oiit a li:df liour in a solution of one part lydrochloric 
acid, threi* ])arts sulf)huric acid and nine parts water. After immersion 
stead will be found to have l)eeii overdy attai'ked, whereas wrought iron 
specimens show ridges parallel to the axis of the spetdinen. The ridges 
are stag lilanuMits which resist the attack of the acid mucVi better than 
the intervening grains of iron. 

ddie manganese content of wrought iron is usualh" less than 0.05 pin' 
cent whenvis for steel it is above 0.30 per cent. Hence a chemical analy- 
sivS furiiislies a means of identification. Of all methods, the detection of 
slag filaments hy tlie iiiicrosco])e is the most positive means of identifica 
tioii of wrought iron. 

* Kirkiililv’s Si/ste?n (\f MtrhanirnI Trsting, Lniidon, 1891, Report K.K. 
t Bulletin Nn. 4o and !KS, Kng. Expt. Sta. l iiiversily of Illinois. 
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676. The principal factors influencing the properties of steel are; 
(1) chemical composition, (2) heat treatment, and (:^) mechanical work. 
Composition bears a vital relation to the constitution of tlie motal and 
through structure has a most iini>ortaiit hearing on pliysical proj)ertie^. 
Pleat treatment may l)e influential, (a) in altering the solul)ility rela¬ 
tions of the constituents, (b) in ehanging the erystallization either with 
respect to form or degree of aggregation, (c) in inliodueing or relieving 
internal stresst^s in the metal. ]\Iechanical work may hv liot or cold; 
it has an elTt‘ct (ri) in altering the form of the crv'-tfilline aggregate, 
(f)) in introducing internal stresses. We shall now consider ihe effects 
of these main factors together with certain other influence.s on tlie physical 
and mechanical properties of steel. Although for the sake of simplicity, 
we study these influences separately; yet we must continually l)ear in 
mind that condjinations of all of them will, in general, affect the i)ropertieB 
of a given piece of steel. 

COMPOSITION 

Caiibon 

677. Importance of Carbon in Steel. —We have already noted in 
studying the constitution of the iron-carbon alloys how very marked 
are tin; changes in structure which are produced by adding small per¬ 
centages pf carbon to pure iron. Indeed il i.s the presence of these .small 
quantities of carbon which make it possible to secure the liigh degrees of 
hardness and strtuigth that diflereiitiate steed from ingot iron or wrought 
iron. On the oilier hand, the addition of carbon to iron decreases the 
malleability and ductility of the metal, and reducc's its permeability 
to magnetic forces. If we refer to the constitution diagram, Art. 660, 
it wall Ije noted that for a carhon content above 1.7 per cent there is 
always a lieterogeneity of structure with separation of cemeiiLite, at 
temperatures be.loW' 1130° C., or completion of solidification. On the 
other hand, with a carbon con lent below 1.7 per cent, it is possible to 
have all of the carbon or cemeiitite in solid solution in the iron, at 
some temperature below fusion. This limit of solid soluliility at 1.7 
per cent of carbon marks the theoretical dividing line between the steel 
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and cast iron; the latter being non-malleable at any range of tem¬ 
perature. 

67B. The Physical Characteristics of Ferrite and Cementite.—Again 
referring to regions IX to XII of the constitution diagram we note 
that slowly cooled steels and cast iron consist of pure iron (ferrite) 
and iron carbitle (cem(uitit£>), a portion or all of the ferrite and cement¬ 
ite always being intimately associated in the eutectoid, pcarlite. Fer¬ 
rite is a relatively soft, ductile and malleable metal of low elastic ratio. 
Cementite, on the contrary, is extremely hard, brittle, non-mallcable at 
any teinpt'.rature, and has a high clastic limit equaling its tensile 
strength. It is to be expected, therefore, that the relative properties 
of these two constituents, together with the nature of the association 
and degree of aggregation, will determine the physical properties of 
steels and east irons. In fact the strengths of normal carbon steels 
of less than eutectoid composition are in direct ratio to the percentage 
of pcarlite, whc'reas in the hypereutectoid steels the strengths diminish 
slightly as the excess cementite increases. 

679. The essential relations between carbon content and mechEinical 
properties for the carbon-iron alloys containing 4 per cent or less of 
carbon are shown in Fig. 1. From the figure it will be obsei ved that 


SU'kI W’Into CasMroil 



Fill. 1.—Theoretical Rein lions hetweiMi Meduiniciil Properties and Carbon Content 
ill Iron-Carbon Alloys. (Howe.) 

the tensile strenglh increases to a maximum when the metal is approxi¬ 
mately of eutectoid composition. This is probably due to the rela¬ 
tively intimate inixture and tine state of aggregation of the constit¬ 
uents of the pcarlite. With a decrease or increase of carbon the ferrite 
or cementite, respectively, becomes an excess substance forming a grain 
network which has a weakening influence on the metal. 

The relation of hardness to carbon content is dependent upon the 
kind of hardness. In Fig. 1 hardness is shown as varying directly 
with the increase in cementite. As measured by the Brinell bad 
method the resistance to indentation increases much more rapidly for 
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carbon contents up to the cutectoid ratio (0.83 per cent C.) than for 
the higher percentages. Thus the Brinell number for soft iron lies 
between 75 and 80, for eutcctoid steel it is approxiinaleb^ 250, and for 



Fm. 2.—Coinpres.siun and TiMisiun Strf.s.s-(li:iKr;iins nf SfcL'l Pars of Varyin^^ IVrfajntagea 

of OarlHiii. 

CLiiipreaaion apnciriH na Hi in. Imj^ arnl I iii. in iliam. witli flut cndH. Tension upenimeiiB 

s:imn (liam. with a KaiJK»'(l loriKtli uf 31) in. All .spf?fiiiiens turned from ojn-n-lieartli steel hars H in. in 
i.liain. {Tesin of Mttala^ ISSO and 1.SS7.) 

white cast iron it ranges from 350 to 500. Brinelhs tests on carbon 
steels (Fig. 21) show that mean rate of increa.se in ball hardness is 19 
(Brinell scale) per 0.10 per cent increase in carbon until the carbon 
reaches 1.0 per cent. Again from tests with various abrasive powdera 
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F. Robin found that the wearing resistance of annealed or normal ca^*- 
bon steels was greatest when the carbon content was about 0.40 per 
cent. It is apparent, therefore, that the relation of hardness to carbon 
:;ontent varies greatly for different kinds of hardness. 



FlU. .'1.—Supplciiit'iiUiry to Fi^i;. 2. 


680. Influence of Carbon on Strength of Steel.—A study of the 
data shown in Fig. 2 to 5 indicates that the tensile strength of hot 
rolled steel bars varies from 55,(MU) lb. per square inch for 0.1 per cent 
carbon to 150,000 lb. per square inch for 1.0 per cent carbon. The 
strength of the hot rolled bars, Fig. 4, is a maximum between 1.0 and 
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1.2 per cent carbon; whereas, among the annealed bars, Fig. 5, those 
of eutectoid composition are the strongest. 

If the istrenKth given in Figs. 2 and 3 arj also plotted on Fig. 4 it will be found thut 
there is approximately a linear relation between the tensile strength (*S\) and the per 
cent carbon (C) for carbon content less than 1.00 per cent. This relation iimy be ex¬ 
pressed by 

iS, = 45,000 + 115.000 C .(1) 

For annealed steels with low content of impurities Sauveur * proposes the following 
sinaple formulas; 

= 50,000 + 90,000 C ^C<0.83 per cent) .(2) 

S, = 142,000-20,000 C (O 0.S3 per cent).(3) 



Fiu. 4.—The Tiiflijence of Carbon on the Mechaniejil I’ropei litvs of ITol-Holleil Steels 
(NeiiJ.) Diameter of specimens 0.505 in.; gage length -^ 2 in. 


Fig. S. — Tin; InfluGiiee of Cartoon on the Mechanical Pro])erties of Annealed Steels 
(Nf^arl). Annealing ti-niperatures were thosi* reconinniifleil Ijv A.S.T.M., which 
were .slightly higher than flio.se .shown in Fig. 10. 

Formula 3 gives results about 10,000 lb. per square inch higher than the data for an¬ 
nealed steels in Fig. 5. 

From an exteii.sive series of tp.sts on aeid and basin open-hearth .steels Campbell f 
derived the following more complex formulas for the tensile strength (*S',) of steel. 

For acid open-hearth steel, i?, = 40,000+1000C +lfX)0F+j:Mn+i^ . . . (4) 

For basic open-hearth steel, *5| = 41,500+ 770C + 1000P+ 7yA/ri+fi - . . (5) 

In these equations C, P, and Mn represent the number of points J of carbon (by combus- 

• The Metallography and Heat TTPaiment of Iron and Steely p. 138. 
t The Manufacture and pToperties of Iron and Steely p. 391. 
t A point is equivalent to 0.01 per cent. 
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tion), phosphonia, and manganese, respectively, and iZ is a variable depending an the 
heat treatment. For rolled steels finished at the ordinary temperatures i2 = 0 . If 
carbon is determined by the color method the coefficients for C in Eq. (4) and (5) should 
be 1140 and B20, respectively. Values of the coefficient x, for manganese over 40 points 
and carbon under (iO poiiits, are given byx = 8C; values of i/, for manganese over 
30 points and carbon unrli^r 40 points, are given by 2/=4C4-90, where C is the number 
of points carbon as before. 


The dasiic limit and the yield point of steel in tension, like the 
ultimate strength, inej ease with the carbon content but at a lower 

rate. The elastic 
ratio usually runs 
between 0.60 and 
0.70 for the medi- 
um- and low-carbon 
steels and between 
0.50 and 0.60 for 
the high-carbon va¬ 
rieties. Thus from 
the results in Figs. 2, 
3 and 4, the follow¬ 
ing approximate re¬ 
lation .S\-30,0()0-h 
48,000 C'is obtained. 
Here Sy is 11 le unit 
stress at yield point 
and C the per cent 
carbon (< 1). 

The yield point 
in high-carbon steels 
is much less pro¬ 
nounced til an in low- 
or medium-carbon 
steels as the dia¬ 
grams of Figs. 2, 3 
and 0, indicate. 

The idtimate compressive strength of steel in very short prisms is not 
well defined. In members with - above 100, column action (Art. 21) 



Fill. ().—Variation of Compressive Strength, Coefficient of 
Expaiivsion and Modiilas of ]']Iastii;ity with Carbon 
CuuLcuL uf Metals j ISSti.) 


is introduced, but in fairly short prisms with - between 20 and 50 the 

r 

compressive strength is practically equal to the apparent elastic limit, see 
Figs. 2, 3 and 6. From Fig. 6 it appears that tlie compressive strength 
increases directly with the carbon content up to 1 per cent carbon, 
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the relation for these data being exprewssed by = 37,000+ 55,000 C. 
Results of certain tests by Alarshall, given in Tn])le 1, show that the 
elastic limit in tension and compression aje practically identical for all 
sizes of bar and also that the ultimate compressive strength of bars 

with ^=12 is the elastic limit. They also show the marked decrease 

in elastic limit and ductility for the large sizes of bar, all being rolled 
from the same billet. 

TABLE 1.—MILD STEEL IN TENSION AND COMPRESSION 

Comparison of Tonsilo and Coinprpssivi* Ri'snlts -vvitli Results of Tivsts nn Short Col¬ 
umns of Round and S(|UareItarsfi‘om t io. in. in DiaiiietiT, all RnJJi'd Irnin one Blew 
of Bessemer Steel. Eloiij^atifiiis ineasurefl on ri leiij^th equal Id ten [liaiuelk ia, by iiieanE) 
of an extensometer similar to Tip;. aT, (diap. II. (lYr^in Miirslkdrs Ex])eriineut8, 
Trans, Am. Soc. C. E., V''ol. 17, Tables 1 and 2.) 



Ul.AHTH' 

Limit in 

I'l-riMATK S 

•i-uj;Nurii IN 





J'oi Nuri n 

:n SijfAuK 

I'OIMiS 1>1 

n Stji A JiK 


\TION. 


Siz« nf 

l.N 

H. 

1 \> 

•II. 



lllMliirt.ioll. 

SpBcimr^ji. 

111 Tension. 

Ill Coiniir. 

forf-... 

III I'riiMiiMi. 

In 

F. 1*11 Kill nl 

,'>|(lM-illll!lll. 

I’lTfrill MKl' 

i>r 

I '.liiPKiU lull. 

Ill -Art-a. 
eiTi: entail). 

3 

4 

45,181 

45,000 

C.S 711 

44,070 

8 

2C..4 

45.3 

1 

4:{,880 , 

45,355 

08,210 

43,510 

10 

25.1) 

30.3 

n 

40,!)()3 

42,880 

07,500 

40,455 

12 

20.4 

13,0 

H 

30,75)5 

42,015 

00,508 

40,150 

15 

25.4 

30.3 

If 

30,105 

41,225 

00.300 

30,700 

18 

21,3 

33.3 

2 

38,207 

30,170 

(i5,003 

40,300 

20 

23.0 

27.8 

ol 

37,055 

30,512 

05,4ti0 

38,030 

22 i 

13.7 

17.2 


:ui,ioo 

30,840 


35,050 

25 

10.2 

1 

Means 

40,103 

41,V21) 

(’41,035 

40,350 


j 21.0 

1 

35.0 


The shearing sirtngih of steel also increases with the carljon content, 
as can be seen fiom the results in Table 2. ^JTu^ tesl-pir‘Cf‘s used in 
obtaining these results wcic subjecteil U) double sliear, due care being 
taken to avoid bending as far as possilde. 

From th(\se data it appears that the ratio of the shearing strength 
to the tensile strength is ajiprnximately 0.80 for medium- and low- 
carbon steels, l)ut decreast^s as tlie i‘arboii content increases, being in 
the vicinity of 0.60 for liigli-carboii steels. 

Fig. 7 shows the influence of carbon on the torsional strength and 
torsional ductility of |-in. round steel specimems of variable carbon 
content. The ratio of the computed twisting strength to the tensile 
strength for these steels varied from 1.1 for the low-carbon steela 
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TABLE 2.—SHEARING RESISTANCE OF STEEL 


Kind of Steel-* 

Per 

Cent. 

Number 
of TeetB 

Tensidn Test . 

Elastic I 

Shearing 

.Strength, 

Pounds 


Carbon. 

I Averaged. 

1-iiimt, 

Pounds 
per Sq. In. 

Pounds 
perSq. in. 

per Sq. In. 


Landore Sit^inens. 


Weardalc Ros.si^iik'i 
Beasemer. .. 


Crunil)li!. 

Besaiiiucr. 

Swedish Crueiblo. 


, Average 
! f)f a 
I I.argc 
N\irnV)CT 


37.500 57,000 

40,000 63,500 

37,000 64,000 

40,600 69,000 

44,000 71,000 

51.500 78,000 
62,000 82,000 

69.500 116,000 

70,000 118,000 

55,800 

94,400 

126,100 

137,300 


47.500 
51,000 
52,000 
56,000 
51,000 
64,000 
59,000 
74,000 
79,000 

41.500 

64.500 
82,000 
85,400 


1)11 Swetlinh rriif’ililt' Hlfoln rpp(»rtt*il l)y,F. C. Tznrl in Proc. JnH. Mech. Engr., 1900-1, 
p. 9; uihitru by A. H. W. Ki.*iiucjy ia Ptuc. Inst. Mech. Engr. Ib85, p. 2ti2. 

It) 0.0 for tho higli-ciirhoii stnid.s. Sinco the true .shearing strength 
is thr(‘(‘-(]uarters of the niodulus of ru|)1iire in torsion aceording to 

100 1theory, the ratio of the tnie 

shearing strength in torsion to the 
tensile strength varieil from 0.82 for 
the low-carl )on .steels to 0.67 for 
the high-carbon varieties. These 
^ ratios are in good agreement with 
the A\alues computed from the 

^ tran.svei’se shear results of Table 2. 

The ratio of the elastic limit in 
j torsion to the elastic limit in tension 
was more nearly constant, being 
approximately two-thirds for all 
Q carbon contents. 

I'lt L'L’ul Curbon 661. The modulus of elasticity 

Fir., 7.—The KfTprt of Carbon on flic of steel is nearly the same for 

Torsional ProfUTlies of Stpcl. Earh tension and compression, and for 

point ropresonts 3 tests on S-in. round practically inde- 

spceiiiipiis. [Ti'ds of MvtniSf lS^l,p.287.) j i. r au i ± ±. 

> ' pendent of the carbon content. 

This is shown in Figs. 2 and 3. Table 3 from Marshall’s carefully 
conducted expe^riments * also furnishes comparisons of the moduli of 
elasticity for steels varying in carbon content. 

•Reported in Trans. Am. Sac. Civ. Engr., Vol. 17, p. 62. 
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TABLE 3.—MODULI OF ELASTICITY OF STEEL ON FIRST LOADINC.S. 
WITH VARVINO PERCENTAGES OF CARBON, ONE SPECIMEN FROM 
EACH HEAT. tMAHSHALL) 


Nlimber nf 
UeulB unci 

AverttKP 
l^erpeiitaKc of 1 

Modem ok Klasticity E, in 
SUL'A llE Inl'u. 

.PnEMJ.s Pi:i4 

i 

1 Kind cjf Steel. 

i 

Tests. 

of C^arbiiii. 

I.OAVPHt \‘uluR. 

Iliphi'Ml A alue. 

I .Vverapp 

33 

.09 

28,7.')0,000 

31,540,000 

j 29,924,000 

Bessemer 

8 

! .11 1 

29,2in,0(K) 

30,070,000 

30,020,000 

Opi?ii-hearth 

107 

.24 i 

28,310,000 

31,180,000 

29,990,000 

“ 

89 

.34 ! 

28,140,000 

30.910.0(H) 

29,072.000 

Be.s.s['nir'T 

25 

.72 1 

28,080,000 

30,800,tK)0 

29,919,000 

Oppii-hearth 



ll'cightcil 

iiu'aii vrdiie = 

29,800,000 



I ABLE •).—fXniPARISON OF MODFLI OF lOLAS'PIfTTY IN TENSION AND 
U( )IM I’lUOSiSI ON. (M AiisiiALL) 

All results in oiic-thousand-poiiiiil uiiils, itlt'iilici.i inaliTi'il. 


.Spi';ia.. 'FfMiHilij Si I; Ic.ss than 1(M),(UMJ SpiiiNG-ftTEiCL. — Tcnsllr Sin-iiplh 

.I'i'Viiids ijor iSiiuiiri' IdpU. per liirh. 



'I'E.N.SItlN. 

CO.MI'HE.S.SIO.S. 

Si/.p itf 
Har. 

111. 

Ten, SI i)N. 

CriMPiiJ.;HHiriN. 

Size III’ 

Hal, 

In. 

/C’l 

I'icBl 

I.nadillR 

Ez ! Kx 

“^pr'uinJ 1 I'ir.st 
lAiRiliiip. I I-iiutliuK. 

Ez 

SpfDinl 

Liiudinp 

Ex 

I’iiHf 

Lnailinp. 

SiM'niiiJ 

I >iLi|iiip. 

J'irHl 

l.niLililip 

A’l 

SlTTlIlli 

l.nailillK. 

1 ril. 

;;(),] 90 

34,120 

29,450 

29,740 

1 rd. 

29,480 

29,700 

28,880 

2!),3(M) 

Tu 

29,850 

29,850 

28,070 

29.010 

1 rd. 

29,390 

29,580 

28,880 

29,200 

1 I il. 

2.).280 

20,500 

JS.780 

29.120 

To ■"•I- 

28,880 

29. 120 

29,090 

29,220 

3 rd. 

29,830 

29,150 

28,.580 

29,420 

! 

29,200 

29,200 

29,090 

29,350 

i'. ■'^ 4 - 

29,120 

29,010 

28,380 

28.070 

!_..... 

i 

.- -- 


— 

1 rd. 

29,550 

290i30 

28,080 

28,830 

Me.-in 

29,237 

29,490 

28,985 

29/207 

1 1 il. 

29,240 

29,900 

30,070 

30,490 






1 rd. 

29. 100 

30,420 

28,980 

29,790 






1 rd. 

30.000 

30.370 

29,20(1 

29.810 







29,529 

30,371 

28,884 

29,401 

i 






Tiililo 4 sliows that the muflulus of fdaslicily of steel on second 
loailiii”; is likely to he slightly hitl er tl an on first loadiii#? due to very 
small set, a)tlu)up,:h the primitive loading; doi-s not exceed the limit of 
proportionality. Jf the primitive loarlin^: excetals the proportional 
limit, the modulus of (“lasticily is lo\v(‘red, in some cases from 10 to 20 
per cent. From a consideration of tlie availahle experirmaital data, it 
appears that the modulus of elasticity of steel in tension or compression 
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generally lies between 28,500,000 and 31,000,0(X) a mean value being 
about 2i),,500,000 lb. per square inch. 

A very large number of tests l)y Brinell on the modulus of elas¬ 
ticity of steels show also that heat treatment has little effect on the 
modulus of elasticity of carI)on steels regardless of their carbon con¬ 
tent. Annealed st(‘els and quenched steels gave moduli averaging 
from 3 to 4 per eiait higher than the bars received from the rolls.* 

I'he modulus of elasticit}^ in shear (often called the modulus of 
rigulity] is dederrnint'd fiom torsion t(‘sts. Baiis(*hinger reported tests f 
on Bessenna- si-eels varying in carbon content from 0.1!) to 0.96 per 
cent and on oprui-hearth steels of five degrees of hardness. For the 
Besseni(‘r steels tlie shearing modulus varied from 11,900,000 to 12,700,- 
000 lb. per sriuare inch, and for the open-hearth varieties it, rangeil 
Ix^tween 11,500,000 and 12,250,000 11). per stiuare inch. Platt and 
Hayward I also rr'pnrted values of the slu'aring mofhdus of elasticity 
for high- and low-carbon st(‘els,- B(\ssem('r, crucible and open-hearth 
varieties l)(Mng represtaited. Their results ran from 12,350,000 to 14,- 
000,000 11). per stjuare inch. For low- and m(‘dium-carl)on sti'els an 
averag(‘, value of the sheaiing modulus is 12,000,000 lb. per square inch. 

682. Influence of Carbon on Ductility. —The ductility of steel de¬ 
creases markedly as the carbon content incnaises (1 igs, 4 and 5). kSince 
duclilily is rdso much in/lucuiced by variations in heat treatment and 
I)}' till' gajige l(M)gth (All. 711 ami 106) it is not possil)le to give an 
accuiat,(‘ eriuation b(‘tween ductility and carbon content. Tlie following 
eiiuations bi'tweiai p('r cent ('longation (c) and per cent cajbon (F), 
or slrengt.h (.S,), are examples of some of the attempts to express such 
relationshi[)s. 


•'i 

f 0 1’ IIdwi' ii)r ph)iif;at ion in 8 in.(]) 

e = 82 —aof/, l)y rptoii for spn'iiiu’ns having diainplrrof O.S in. and 8 in. gauge length. (2) 
c = r)0—-IS (\ by r|don for J-in. standard te.st-pipcc..(3) 

i,snn.()nn 

c to, by J, H. Johnson for doiigation in Sin.(4) 

i..onn.()()() 

c=- ^ , by a roiimiittce of Ain. Sue. Civ. Pngr.(5) 


The range of values for ( ' in Kq. (1) to (.3) is from 0 to 1 per [‘ent. Er]. (1) gives values 
about 5 ]n*r eeni too low for fueilium-earltWfi steels. Equations of tlu' same type as 5 
are enmnioii in siHuifieatioiis. Fur the high-rarbun steels, how ever, this erpiMtinn ealls 
for tun great elongation, "riierefore, the eoiiv^tant is reduced in si)eeilicatioiis for such 
steels. 

*Jour. Ir. mui Si. h\si., Vol. 00, p. 234. 
t See Unwin's Mntvriuls of Consiructiou, p. 241. 
t Prac. List. Civ. Engr., Vol. 90, p. 409. 
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Fig. 8 shows the elongation field as worked out from a table in 
Howe’s Metallurgy of Steely which gives values of greatest and least 
elongations for ditTerent steels. It is plain from tlie tigure that Kq. (4) 
has a mu ell wider 
range of ajiplication 
thariEc]. (o) or others 
of that type (5 ). 

'^I'he per cent re¬ 
duction in area (/f) 
also decreases as the 
carbon conlent in- 
creast's. In J ig. 4 the 
relation may be ap- 
proximat i^]y expresseil 
by 

A'- „ 

( - + U.1.S 



. t Tf;. 8.—Itflat inns of Elongation to Sfrengtli l^r Sti*(‘ls. 

6B3. Changes in k fs 

the Shape of the Stress diagram.— Tlie effects of earbon f)n the 
ti'iisih' j)roperties of steel are well shown liy Ihi' ebanges in the shajie 
of tlu‘ stress-cliagrarn. Thus, in Tig. !) tlie nnaaaises in llu^ (dastic 
limit and ulliimile sliaaigth and lh(' accompanying decri'ast's in llie 
elongation cause the diagrams to iiicn‘ase in luaght and decri'ase 
in width. Tlie liorizontal I'ortion of tlie curve for low-carbon stf'cl, 
which follows the drop in tlu' load afler tli(‘ yi(‘ld point, lias been 
passial, disajqieais in tli(‘ iliagrams for the bigli-carbon siieciiinais. d lie 
Lluwnward slnjie of tlie jiorlioii of (he strr'ss-deforinalirni (airvi' lieyond 
the maximum stress becoincs less proiioiiiHMMl in tin* liigli-carl mii si (‘els 
and disapp(‘ars in tJie diagrams of tlie very hard si e(‘ls w liich lireak 
without necking. I'urllurmoit*, tlie area of (he diagram, representing 
the emogy of I’liptiire, di'cia'ases as the cailjon inejiavsi'S (I'ig. 0). 

6B4. The resistance of steel to heavy shocks or lilows d(Tr(‘as('s as 
the carhon conl(*nt ijicreases. Tin* decrcaise in shock resistan(*e is 
most rafiid as tlie cai’bon is inci’eased from 0.15 to 0.40 per cent. 
Fig. 3;3 sho\^^s sojiH' of Eiinell’s impact results which emphasize this 
eonckision. The figure also shows tliat the energy of ruptnre com¬ 
puted from lensili'. tests is a poor measure of resistance to impact. 
Similar e\'idnnco sliowiiig discrepancies lielwtHUi the (uiergies of rupture 
in tension and impact is furnished ])y data of the Alloys Hesearch 
('ommirtee * as compiled hy Howe in the discus.sion of a paper on 
impact testing before the Institute of Mining Engineers, f 
* Pror. InM. of Mech. Engr., 1904"!, p. HKi. 
t Trana. A m. Inal, of Min. Engr., Vol. 5^, p. 218. 
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Although it appears that the soft and medium-carbon steels as 
rolled, or in the annealed state, have much superior resistance to impact 
than the high-carlKjn steels, we must not infer from this conclusion 
that the low-carbon steels are best suited to withstand repeated stress 
or a succession oi light blows. Under such loadings, tlie harder steels 
with a higher elastic limit have proven more satisfactory. (See Art. 827.) 



UuUEloiigatlDii.lD. per In. 

biu. 0.—Tension Str(*ss-ili:i^ruins iif CJ!Mrt)on Itars ITsed for Endurani.*c Ti'sts 

of Shiiftiiif!:. (7V.s‘/.s‘ nf Metals, 1889, p. ^89; 1891, p. 603.) 

6B5. The Range in Composition of Structural Steels.—Practically 
all steels used in engineering construction in the noiinal or annealed 
condition are of less than eiitectoid proportion (0.83 per cent carljon). 
'riie carbon content is the result of experience whereby the proper 
combination of strength, elasticity, hardness and workability have htaui 
obtained to fit the material for the particular service. Incit'ased 
tenacity aiul elasticity are gained at the sacrifice of ductility and soft¬ 
ness. In structural steels, boiler plate, and the like, where some in¬ 
crease of strength is desirable, provided there is not too great loss of 
ductility and softness, a carbon content of about (1.20 iier cent is 
customary. The tensile strength of the iron is thereby increased by 
about 15,000 lb. per square inch (from 45,000 to 60,000) without 
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material loss of the ductility and softness so essential to the require¬ 
ments for manufacture and service. In steel rails, there is little fabri¬ 
cation of the finislied product and the stresses are heavy shocks at inter- 
mittent periods. Hardness is essential for wear, and high strength and 
elasticity are necessary to enable the steel to withstand the load and 
recover its alignment; yet ductility cannot be sacrificed to the extent of 
dangerous brittleness. The carbon content of rails varies from 0.50 to 
0.90 per cent, the larger ainounts having been iiitroiluceil in special cases 
in recent years, particularly in heavy sections and where the steel has the 
mifiiniuin of phosphorus, sulphur, or other associated detrimental elements, 
whicli lowi-r ductility without the coin|)ensating ailvanlage of adding 
much strength. 

The following table shows classifications,* approximaie composition 
and meciianical properties of sriine of the iniire inijau’tant steels used in 
construction. Carbon contents for tool steels may be found in Art. 799. 


( uA.sMKii ation Ovskh on 
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Effeots of PuiNcieAL iMPuniTiEs ON Steel f 

686. General Effects.—As we have stMui in C'hapter XVIII, it is 
not feasible under present jiractice to remove impurities entirely in 
making either iron or steel, lliercfore, the final product always con¬ 
tains, besides iron and carbf)ii, small percentages of the metallic impuri¬ 
ties,—silicon, manganese, sulphur, and phosphorus,—trjgether with 
lesst'r amounts of the oxides of silica, manganese and iron, silicates of 
manganese and iron, and some occluded gases. (Jccasionally very 

• Srn tiLso S.A.E. rlMS-sificMtioii .sy.^trin, Appendix B. 

t For a discu.s.sioi) of t he efTeets of iinpurilio.s on .sloel, .soo paper and bibliogniphy 
by J. F. Stead, Jour. Jr. arui St. Insi.j \"ol. 94, pp. 5-130. 
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small percentages of copper and arsenic are also present. In well 
made steel the total amount of these impurities generally ranges 
between 0.2 and 1.0 per cent and their resultant effect on the consti¬ 
tution of steel is often very small. Of the common impurities, phos¬ 
phorus and sulphur are injurious elements present in the ore which 
cannot be eliminated in the process of manufacture, whereas most 
of the silicon and manganese are introduced to improve the metal. 
The non-metallic impurities arc objectionable substances which find 
their way into the steel during the process f)f refining. 

687. Effects of Silicon.—Silicon probably in the form of iron- 
silicide, forms solid solutions with iron in all proportions up to 20 per 
cent. IL is often added to molten metal to rt'mnve oxygen and diminish 
blowholes. In the carljon steels silicon rarely exceeds one-half of one 

cent and in structural steels it is gc'iierally under a tiuarter of a 
per cent. With such small proportions of silicon the microscope reveals 
no pecniliariiies in constitution. Silicon up to 1.75 jx*!- cent appears to 
increase l)Otli uUimat(^ strength ainl elastic limit without deciiaising duc¬ 
tility.* Brineirs researches show' that silicon increases the hardness of 
steel. Tor silicon varying V)etw’ecn 0.10 and 0.00 per cent the inciease 
in hardness was a[)pr()ximately 0.4 (Brinell scale) per 0.1 per cent in¬ 
crease in silicon. Silicon is, therefore, about one-third as effective as 
carbon in increasing hardness. 

On account of tlje marked tendency of silicon to prevent solution 
of CMrlx)n in iron (Ai’t. 0(i2) it. is very necessary to avoid prolonged 
heating at high tejnpeiatures in treating steels having higii silicon and 
carl>on contents. Instances have been ria-orded wluae steel castings 
have l)een ruined by soaking for a long lime at a lemperaturt^ consid- 
eral)ly above the recalescence point, the eoml)iiied carbon being tlius 
traiisformtHl into grapliitc and the casting thereby gieatly embrittled. 
However, with normal percentage of silicon and good heat treatment 
graphite is iioti^)reseiit in steel. 

688. Effects of Phosphorus.—When present in the low proportions 
common to steel, phosphorus exists in a solid solution of iron-phos¬ 
phide (Fe^^P) and iron. In this form it permeates both the free ferrite 
and that composing the ptairlite (Sauveur). B\’' some it is considered 
to promote enlargement of the grains and thus produce brittleness. 
Howa> maintains that the presence of phosphorus in ferrite makes the 
ferrite more moV)ile when it is slowly cooling through the transforma¬ 
tion range. This mobility results in the banding of the ferrite into thin 
rods or layers wdiicli, upon etcliing, are revealed sls light-colored lines, 
calleil ghost lines. Such formations, of course, render the metal leas 
homogeneous. 

* Tlic jiro|)crties of silicon steels arc discusscrl in Art. 734. 
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In wrought iron much of the phosphorus content is held in the slag 
fibers m the form of iron phosphate. As a const it iH'iit of t he slag its 
effect is probably less detrimental than as a phosphide in tlie ferrite. 

Although the duciilily of low-carbon steel may be slightly decreased 
by the presence of 0.3 to O.o jier cent phospliorus, the yield point, 
ultimate strength and hardness are increased. Resistance to shock is, 
however, marketlly reduced by such high percentages of phosphorus. 
Tests by D’Amico on lov-carl)ori steels show that toughness is adversely 
affected (i.e., the metal is rendered cold shoit) by 0.1 per cent phos¬ 
phorus and very much dtaaiaised by 0.2 pei‘ cent of tins element. The 
evil effect on toughness a])j)ears to be more pronounced in high-carbon 
than in low-carbon steels. 

Although it is veiy |)iobal)le that many failures have biaj errone¬ 
ously ascribed to a liigh phospliorus conliait wliicli, if all fads were 
known, were traceable to other causivs, yet a tlue legaril fo»- the len- 
dciicy to produce cold siiortness reipiiies that pliosjihonis br^ kejii low 
in steel. At i)i(\srnt ihe maximum limits are: for inferior grades of 
structural steel 0.1, for best grades of struetural sl et I 0.05, and for tool 
steels 0.02 per cent, 

689. Effects of Sulphur.—Sulphur readily eoiubiiu's with iron to 
form iron suljihifli' which, when present in iron or steel, has a 

tendency to sc'gri'gate and foini brittle networks at the grain boun¬ 
daries. On accuuiil of its low' inelting-point, iron sulpliidi^ causes a 
lack of cohesion bt'lwi'en adjacent gi*ains of the. imd.al when it is 
heated above a red heat. Such lirittleiu'.ss at high tcinjK'ral tires is 
termed rerl siiortness. Siiu-e red slioitjiess mukes steel or iron hard 
to roll or fi)ig[*, it is a serious defect in the ineliil from the sl.amlpoint 
of the maiiufad uj er. Alanganesi^ suljiliifle has a iinicli higher-melting 
point tiian iron sulphide and rloes not render feriniis metals red short. 
Therefore, inasmuch as maiiganese has a ver^'^ jiowerfiil affinity for 
sulpliiir, it is ])Ossible to relicvi^ nal shortness by adding sufficient 
manganese to llu‘ luolliai metal to conibine with thi^ sulphur. Theo¬ 
retically tlu' latio of iiianganese to sulphur should be 1.7 to J in orderr 
to form Iiianganese sulphide (Mii8) and coinplelely satisfy sulphur, 
l.evy contends, howevi'r, that ev(‘n if manganese is prestaii in sufficient 
(luanlities to form the siiljihide some iioii sulphide will still remain 
and will be found mixed with th(‘ manganese sulphide. Since man¬ 
ganese sulphide also segiegates and ftirms lirittle. massiNS, more or less 
rounded in castings and elongated in mechanicfilly worked pieces, 
it appears that either sulphide causes a lack of homogeneity. 

If sufficient manganese is jiresent to jirevent. leil shortness there is 
little evidence that sulphur in quantitie.s less than 0.15 per cent exer¬ 
cises any appreciable effect on the meclianical properties of structural 
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steel.* For screw-stock a high sulphur content (0.10 to 0.15 per cent) 
is commonly specified, .since chips of such metal crumble without 
curling and the stock threads nicely. There appears to be a feeling, 
even though there is little din'd evidence to support it, that percent¬ 
ages of sulphur too small to produce red shortness in rolling may 
develop invisible flaws in the fini.shed metal. Specifications for st(‘el, 
thereforr^, stringently limit sulphur to practically the same amounts as 
pho.sphoruH. 

690- Effects of Manganese.—Manganese is one of the main elements 
of the recarburizers list'd in manuracturing steel. Through its strong 
affinit}' for oxygen anti sulphur manganest' acts as a cleanser of the molten 
metal l)y witluli-awing much of thest' umh'sirable impurities inio the 
slag. When more maiigant'se is present than re(|uired to satisfy sulphur 
and oxygen thtr exei'ss mangaiit'se ftirms the carbide, MrcjC, wliich is 
associated with ct'ineiitite. If prest'iit in this form it acts as a hardener. 
In carbon steels, the iiianganesi' conli'iit is generally under 1 per cent 
and ordinarily runs about 0.3 to O.ti jit'i* ct'iit. Brineirs tests show that 
manganese, when under l.O per cent, hardtuis stt'el slightly, the avt'rage 
incifaisi' in iiardness due to an increase of 0.1 mangani'se being about 
4.0 on the Hrinell scale. Howe f claims that a maximum fineness 
of grain together with a minimum of injury in liardening can be 
seciinal for carbon stecTs by maintaining manganese high, say around 
1.25 per cent. 

In higli-carbon allcu's manganese increases the solubility of carbon in 
iron and hinders the i)ri'cipitation of graphite in cooling. 

691. Copper uj) to 0.5 j)er cent appt*ars to have little if any (*ffect 
on the mechanical propi'rtii's i)f stt'el. A small percentage of it is said 
to increase n'si.^^tance to corrosion. In most stf'cls the iiroiiortion of 
copper is negligiliU*. 

692. Arsenic is occasionally found in very small proportions in stcc'ls 
made in Fairopc. It has a tendein'y to raise the strength and cause 
brittleness. It is considered uinlesirable when inoie than 0.1 per cent 
is present. 

693. Non-metallic Impurities.—Steel and iron also frequently con¬ 
tain very small percentag(‘s of the oxide.s and silicates of both iron and 
manganese. These impurities are meehanically suspi'iideil in the metal 
and are often calUni slag inclusions. They appear to arise from trap¬ 
ping of tile slag, from the cleansing action of the reearburizer, and from 
the spalling of the ladle and furnace linings. In well-made steel such 
iiiclu.sioiis are sliglit anil of small moment. If segregated they are likely 
to cause brittleness. 

• See data [)reseiitcd liy J. vS. Unger in En^^ iVrii'.s, Vol. 75, p. 303. 
t Proc. A. S. T. M., Vol. 17, Ft. 2, p. 8. 
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From time to time the opinion has been ailvanced thiit nitrogen and 
hydrogen are present in iron and steel, especially in Bessemer steel, and 
that they embrittle the metal. Some quantitative eviilence of tliese facts 
is given in Proc. A.S.T.M., Vol. 37, Pt. 1, p. 102. 

EFFECTS OF HEAT TREATMENTS 

694. Effects of Heating above the Critical Range.—On heating steel 
past the critical range of temj>eratiire, there is a structural change from 
an aggregate of ferrite and ce!nentite to a homogeneous solid solution. 
This transition effectively destroys all pre-existing crystallization, not 
Old}’’ as to type of aggregate, but of size as well. 

.Referring to the constitution diagram, Fig. 1, Ch. XXi, it will be 
noted that so long as a steel of carl ion content (‘ to 1.7 per cent is not 
heated above .Iri (723° ('.) there will i»e no change in the strnctural 
relations of tlie iron and the ceiiientite.* With rise of tem|Kn’iLture 
above this critical point, however, formation of austenite will begin, 
and proceed to a degree dependent upon the carlioi. content of the steel 
and the temperature attained above the critical one. Sfilutioii of all of 
the pcarlite is completed immediately the temperature exceeds Acy. 

For hypoeutectoid (below 0.83 per cent (') or hypereutectoid (above 
0.83 jier cent C) steels the solution of the excess ferrite or cementite, 
resix^ctivcly, proceeds with eacli degree of temperature rise aliove Acy, 
but is not completed until the temperature riMiclies the upper transi¬ 
tion limit, marked by 67^ aud PS, respectively, corresfioiuling to the 
particular carbon content of the steel under tieatnient. In other words, 
the austenitic state in a steel of eutectoid composition (0.83 per cent C) 
is entirely brought aliout iiy heating to or just aliove the constant critical 
temperature of transition; while for a steel of otlier carlion content, a 
range of temperature is nece.ssary, which is greater the farther the carbon 
content is removed from 0.83 per cent. The temperature necessary to 
accomplish complete solution of the cementite is higher the more the steel 
varies cither way from eutectoid proportions. The transitiun, as noted 
heretofore, is the result of allotropy in the iron; cementite is immiscible 
in alpha iron, but is completely soluble in gamma iron, within the satura¬ 
tion limits, marked by region IV in the constitution diagram. 

695. Effects of Cooling from above the Critical Range.—There will 
be progressive aggregation of the austenite into grains which increase 
in size with rise of temperature, up to tlie fusion stage. That grain 
size which is attained as a result of the maximum temperature reached 

* On account of lag in reaction the change lakes place at Aci which ia'.slightly higher 
than Arif the temperature of transformation on cooling. 
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during heating, will be retained during the cooling of the steel to 
ordinary temperatures, and, although the transition from the austenitic 
to the pearlitic (or some intennediatc) form will take place during the 
critical temperature range, the final structure will exhibit such coarse¬ 
ness of texture as was irdierc^jit in the austenite wlien cooling began. 
Coarstmess of grain is a fuiK-tion of temperature rise above the critical 
point Ar[i] l)ut diminution of grain is not an accompaniment of tem¬ 
perature fall. 

Kate of cooling through and somewhat below the transition zone 
influences the final struct lire, however; (1) the reversion from austenite 
to ferrite-ceinentite requires tiiiie for its coinpUdion, and the quicker 
the cooling for a given composition, the less complete is the transi¬ 
tion, and the more nearly the final product approaches austenite in 
structure and joroperties; this will be treati^d more fully in the dis¬ 
cussion of temiKning of steel; (2) the fej'iile-cemenlite aggregate, par¬ 
ticularly the p(‘arlitic portion, wdll have opportunity for greater coa- 
lesscence of like to like, the slower the cooling. 

696. Relation of Grain Size to Mechanical Properties.—With like 
constitution, it ap|K‘iiis to be gt^nerally triU‘. that ductility, toughness and 
resistanci* to fatigue, si‘e Art. 821, iiunease witli diininislung size of grain. 
The griiiiis luv aggri'gMtcs of crystals, each of the same form and of like 
orifnlrtlion which laftiM’ is not the same, except by coincidence, in the 
adjoining grains. Tlie largi'r tlie separate aggregates nuiking up the 
individual grains, the less t here jire for a given cross-si‘clion of niatej ial, and 
the more direct will be the path of fracture along the cleavage planes 
within the grain, or following the boundaries of contact of the separate 
grains. The weakness due to coarse grain is likely to be especially 
pronouiu’ed under vibratory or repeated stresses, since a fracture, 
once started, has a less broken course in attaining such dimensions 
that failure becomes inevitable even iindi'r loads wdiich are apparently 
within the margin of safety. Coarse grain also lessens the resistance 
of steel to impact. 

697. Annealing of steel consists in heating to a temperature near its 
critical range (728 -910° C.) and then ruoUiig, usually at a slow rate. 
It is done to attain one or more of the following oVqectives; (1) refine the 
grain, (2) soften the metal, (8) remove internal stresses, (4) change duc¬ 
tility, toughness, electrical and magnetic jiroperties, (5) remove gases. 

Full anucaling is accomplislied when the steel is unifonnly heated 
20 to 50° C'. aboA'e the critical range and then slowly cooled through the 
rang(^. In process afuiciiling the part is heated to a temperature just 
below’ the critical range (050-050° C.) ami cooled as ilesired. NorynaUziiig 
is performed by uniformly lieaiing Lo a temperature 30 to 00° C. above the 
critical range and cooling in still air at ordinary tcinperature. Patenting 
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consists in heating alloys having an iron base above the critical range and 
then cooling below that range in air or molten lead wliich is held at a 
temperature about .‘165 C. Spherodizing is a prolonged heating of the metal 
at a temperature just below the critical range, followetl by slow cooling. 
This nodulizt's llu' oemeutit(‘. 

Steel slowly cooled tlirough the solidificatinii range is bound to be 
coarscdy crystalliin', and slow cooling through the austeniUc and pearlitic 
ranges causc;s coalescence of like struetura! components. These condi¬ 
tions produce weakness ami britthuiess, which are es|)ecially marked in 
large steel castings. Pronouma'd improveinent in structure and proper¬ 
ties can be obtained by judicious annealing. 

The rate of heating sln)uld )je slow enough to ))ennit uniform diiTusion 
of heat throughout the piece. Tlie specific treatment will /ary with the 



Fig. 10.—Ti-n]j)(‘njtiirrs for Normalizing, AninviliiiK iiml llanli'uiiiK C'arlinii Strels, 
(Frain MttfiU IJutidhookj IIJIV.), p. 

amount of carbon and oth(‘r constitmuils in tln^ strad, with the size of the 
object, and with tin* relath)us of hardness, stnaigth, anil ductility, which 
are desired in thi' final product. Soft steels rtajiiirf' a higlu/r ttanperature 
than those more nearly approaching eutecloiri prf)portions, since the com¬ 
plete conversion to austeniti* is affectcal only by healing past the upper 
critical temperaturf‘. Simple anma'iling of miltl stf'cls rhns not produce as 
great a refining of grains as is obiaimal with jaila'ctoid sterds, since the 
aggregation of tht‘ (niti'clic begins at the common lowi*r critical temperature, 
while the higher (‘iid-lemperatuiavs for th(‘ Inwer-carlioii stfads allow greater 
coarseness of the newly foniifal grain. The range of annealing temp features 
suitaVjlc to various carbon steels is well show n in Fig. 10. 
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This diagram shows that the temperature range within which annealing 

_ may be done well is wider 


for high-carbon than for low- 



carbon steels. For hyper- 
eutectoid steels the range is 
constant, between 740 and 
770° C. The temperature 
range for successful normaliz¬ 
ing is a narrow belt above 
the upper Ac line. 

Heating should be by 
grathial approach to the de¬ 
sired temperature, and the 
object sliould be held at this 
temperature for a sufficient 
time to reach a uniform con¬ 
dition throughout. This time 


Fig. 11.—Coarse Strurtnre in a 8ieel Casting 
Due to Slf)w C/ooliiig. 


varies with the size of object; 
about an hour for each inch 
of thickness should suffice. 


^ •> - A- '■ ,. * ^ *',* V jJ ^ Vj * 

V' ^ ' V - A^ 


Temperature of annt‘aling fixes the grain size of the product. It should 
always be the lowest ])ossiblc to effect complete refining. Rate of cooling 
from this temperature also 

has a pronounced effect on . .‘C#.’f 

the physical properties. , X ^ 

Rapid C(H)ling results in in- 
complete reversion of the 4 

austenite to pearlite to a 4-^^ 

degree which varies with the ^ '< 1/^ ^ 

carbon content of the steel V^ 

and the rapidity of cooling. ‘v 

This is a process of harden- ^ 

ing, and is treateLl in greater 

detail later. Provided cool- 

ing is slow^ enough to enable 

the steel to revert to the ' 

IK'arlitic conilition, the aggre- * 

gaiioii of its cement ite ferrite 

constituents will bo coarser i2.-Sarae, Steel Casting after Forging 

the slower the cooling, and Showing n Much Finer Grain than Fig. 11. 
the greater softness and duc¬ 
tility are thus obtained at a sacrifice of some strength and elasticity. Cool¬ 
ing ill the furnace or imbedded in lime, clay, etc., is slow; quiet air or an air 


; r'.Vv; 


4 ^ w 


Fig. 12.—Same Steel Ca.stmg after Forging 
Showing ii Much Finer Grain than Fig. 11. 
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blast is more rapid, and is usual for large objects unless abnormal 
softness is desired, or the 
carbon content of the steel 
is high. 

Small pieces should always 
be protected from oxidation 
and consequently decarburi¬ 
zation of the .suj face during 
annealing. This may be par¬ 
tially accomplished by sur¬ 
rounding the parts with lime, 
sand, or pulverized charcoal. 

It may l)e very effectively 
done by the .Jones method. 

This consists in phuung the 
material in a closed tube from 
which tilt' air is expelled by 
a non-oxidizing gas which 
is kept constantly flowing 
througli the tul)C. Surfaces 
of parts thus tieated are 
bright and untaniish(;d. Mtdcalf also mses a tube closed with a loosely- 

fitting cap. The air is al¬ 
most (‘iitirely expelled from 
the tube by the volatilization 
of resin whicli is placed in the 
end of t he tube farth(\st from 
till; cap. Parts aim call'd liy 
the Metcalf rnelhod are 
slightly tarnished but de- 
carburizatiori is negligilile. 

The charigi;s in size of 
grain brouglit about hy 
certain heat treatments of 
a piece of 0.50 carbon steel 
are shown in Figs. 11 to 16. 
The coarse structure of the 
steel as cast (Fig. 11) was 
materially reduced by forg¬ 
ing (Fig. 12), but reheating of 
the forged steel to 1100° C. 
again produced a coarse grain (Fig. 13). A fine grain (Fig. 14) was 
given this overheated steel by annealing at 800° C., which is approx- 



Fig. 14.—Steel Ca-sting of Fig. 13 after Anneal¬ 
ing at 800° C. 



Fig. 13.—Snme Steel Casting Annealed at too 
High TcMiiperLiture (1100° C.). Note the 
Coarse Grain. 
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imately the? proper temperature for annealing this grade of steel. (See 

Fig. 10.) A still finer grain 
showing a very tough steel 
was prodiieed by a double 
quenching treatment. The 
steel was first quenched in 
water from a temperature of 
1000° C. which made it very 
hard and gave it a fine 
structuie appearing like in¬ 
terlacing needles and called 
martensite (Fig. 15). Subse¬ 
quently it was heated to 050° 
C. and figain quenched in 
water^ with tlii' result showm 
in I'ig. l(i. ddiis represents 
the fine poreelainic structure 

Fju. 15.— Siirnc' Slonl Castintf llfMtfnl to 1000" C. ^Olblto in which the 

Mild Qui'iu-hcd in (kild Shews a. Mar- transition from martensite 

ioiisitir Slniciiirn. Siriicliiia* iiiLlicaiins to jiearlitc plus ferrite has 

striMiglh, hiirilin^ss, and hriiIl(‘iif.ss. practically completiM 

but without opfiort.unity for coalesceri(*e of pc'arlite masses and ferrite 
grains as in annealing at 
higher tem|)[‘ratures. Soiii- 
ite is the structure wdiicfi is 
chai*acteristic of the t ouglu'st 
steids. 

698. Effects of Annealing 
on Mechanical Properties.— 4 ^ 

Kef erring again to I'igs. 4 
and 5, it is permissible to 
conclude that annealing 
from t h e t o m p e r a t ii r c 
ranges shown iu Fig. 10 
reduces the strength, hard¬ 
ness, and elastic ratio but 
increases the duetility. The 
i^ffects are most pronounceil 
in steels liaving more tlniii Fie. Kl.—Afti'r Ridieatinp Ihc CastinK of Fig. 









. T:;' ' 'v. ■ . 


0.5 per cent carbon and are 
of small inoment in the very 
low-carbnn steeds. 


1,5 to 0,50" i \ and Qiioiudiiiig, a Snrbitic* Struc- 
tiiri' Tliis stnintiii'p roiinntK.s high 

stiTiigth anil tniighnpss. 


The effect of temperature of annealing on the mechanical property 
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of several t-ool steels is well illustrated by the experiments of S. v. 
Fabry, from which Fig. 17 has been prepared. Here again it will be 
noted that the properties of the high-carbon steels are much more 
affected by annealing than those of the medium-carbon steel. For all 
cases, it will be noted tliat the ductility is a niaxiinum for tempera¬ 
tures at wliich the strength is a ininiinuni and that tlie elevation in 
the per cent leduction in area is also most promiiuait at the same 
temperatures. These tempeiatiires range from 700^ for the 0.58 per 
cent carbon steel to 800° C. for the steel of 1.36 per cent carlx)n. 
It should also be observed that the ininimum strengths of tliese steels 
are nearly the same but the corresponding percentages of reduction 
in area diminish as tlie carbon content increases. In geneiai, the 


1112 1112 



Fifi. 17.—The of AnneMling Tmipcriitiiri*. on the Mcfliiinif'.ul Properties of 

Tool Steels, (J^'aljry in Fror. I. A. T. A/., Iin2.) Hjiceifnens I.IS in. .srpnire. 
Avere held at temperatures indiealcd for three hours. 


curves of hardness and strength are nearly parallel. The microscopic 
data accompanying the original report indicate that tht‘ most uniform 
and the finest grained structures were produced \>y annealing at the 
temperatures corresponding to maximum ductility or rniiiimum strength. 

The effects of variations in annealing temperature on the strength 
and ductility of steels differing in carlion content are also shown in 
Fig. 2n and 30. From these data hy Brin ell it appears t hat the 
strength of the low and medium-carbon steels w^as little affecferl by 
any of the annealing temperaliires. The strengths of tlie high-carbon 
steels were slightly increased by annealing at 350'^ C., slightly dimin¬ 
ished by annealing at 750° and con.siderably increased by annealing 
at 1000° C. The ductility of all grades of steel was raised somewhat 
by annealing at 350° C. Further increase in ductility was secured 
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18.—Showing Coaran Grain Produced in 
Rail of I'if;. in hy Ovcrhcaliii#!;. 


by annealing at 750° C. Annealing at 850° C. produced the most 
marked increase in the ductility of the high-carbon steels. Annealing at 

higher temperatures effected 
a corresponding slight in¬ 
crease in the ductility of low- 
carbon steels, but the curves 
plainly show that these tem¬ 
peratures were too high to 
secure maximum ductility 
from the high-carbon steels. 

699. Overheating and 
Burning.—Exposing steel to 
t e n i p e r a t u r e s c on si d e rably 
above tht' critical range de- 
v[‘lops a coarse grain; but if 
the temperature is not in 
region 11 of the constitution 
tliagrain (Fig. 1, Ch. X.X1) 
for the particular carbon 
content, it is possible to 
effect complete refining by reheating al)ove the critical range. The 
structure of Fig. 18 could be restored to (hat of Fig. 19 by proper 
annealing. If, however, the 1 emperature of heating is such as to take the 
steel into region II, partial 
fusion results, and the steel 
Viecomes " burnt.” There is 
mechanical separation of the 
grains due to the partial fusion 
and gas evolution, with prob¬ 
able accompaiiiinent of some 
oxidation of the boundariivs. 

Thus the steel becomes brittle 
or ” rotten.” Such an effect 
is not curable by reheating, 
or even by reheating and forg¬ 
ing. The differences l)etween 
burnt, overheated, and nor¬ 
mal grains of a steel casting 
are well shown in Fig. 20.* 



Fig. 1!).—Structure of Rail after Rolling. 


Although nuiTDScTHjii: examination of spctiims of the metal subjeited to overheating 
or burning will reveal the defective strunture, it is not always coTivenient to make, such 
an exuniination. 1 he ^letealf test i.s simpler and eireelive in iletecling overheating 
* For effects of overheating on rivet steel, see Engr. A^euv;-iv!ecarfi, Vol. 82, p. 280. 
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or buniiiig in steels coiitainiiiji; over 0.30 per cent earbjii. l'"or this tr^st it is preferable 
to use a bar of steel about a foot long having the samp riirbon rontent as the mal¬ 
treated niece, although the piece in question may be used. On opposite faces of the bar 
saw slots are cut to a deptli of approximately one-eighth of the thickness of the piece 
at intervals of about one inch. One end of the piece is then stuck in a fire and heated 
until it scintillates. Upon removal it may be qucnrhcd or allowed to cool in air, depend¬ 
ing upon treatment accorded the piece in question. The test-piece is then broken and, 
lieginning at the Inirnt end, the fractures at the notclies show a gradual change from 
very coarse grain to a fine silky striictiire for the section which was at the proper restora¬ 
tion temperature (i.e., just above the critical range); sections nearer the cooler end will 
slinw the original structuri' of the bar. A comparison of the fraidure of the piece in 
question with the scries of fractures indicates the treatment accorded. 

700. Theories of Hardening.—It has been known for eenturies that 
some kinds of iron become very hard after heating to a briglit riai iieat 


Burnt. DvurLi'atL'd. Noruial SlruulurL-. 



Actual width = 0.08 in. 

Fig. 20.—A Steel Casting of 0.40 Ter Cent Carlion Cut by an Oxyhydric Torch. 
Note gradntion in structure from burnt metal at cut ([)n the left) to normal 
strui'ture at right end. 

and quenching in water. In fact, this property was the basis of the 
older classification of certain products as steel.'' Also, it has been 
recognized for a long time that this property is a function of the car¬ 
bon content of the steel, and that no appreciable hardening accom¬ 
panied the quenching of iron with negligilde or very small amounts of 
carbon. But it is only since the development of our understanding of 
the iron-carbon relations that the hardening of steel by quenching has 
been put upon our present-day fairly rational liasis, and that the heat 
treatment of steel has deviated from the method of “rule of thumb." 

Heat-treatment methods have reached a high degree of perfection; 
and the phenomenon as a whole is fairly well understood. Several 
theories of hardening are to-day in existence, ei . having its adherents 
and points of merit; yet none offer satisfactory explanation of all of 
the observed facts. Sauveur * classifies them as follows: 

* Metalhgra'phy arid Hmt Treatment of Iron and Steel, p. 308. 
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Helention Theorie.<9 


„ , . f Beta Iron or Allotropic Theory. 

Solution Theories i 

I Alpha Iron Theory. 

Amorphous Iron Theory. 

^ I HardeniiiK Carbon Theory. 

C/arbon 1 henries < ,, . , , r,n 

I Sub-ear bide Iheory. 


f Early Stress Theory. 

Stress Theories \ Iiilerstraiii Theory. 

I Twiiiniiip aiuJ Amorphous Iron Theoiy. 


The retention theories are based upon Ihe rostrainiiiK of certain reaetir ~''hirh take 
place iiorinally wluai slei‘1 n)nl« llirrui^h lh(‘ entical 1 cnijjfTal iirt‘raiifics \ i‘ry liek eriol- 
iii^ tlirnii^h th(‘ 1 inii^foi’iiialmii raiiKc.s '^iippr(‘‘'SC'^ Ihi' chuutiie, ami tlu‘ rniidiiinn stable 
only at higher teinperaf urns is retained to a preatrr or less degrep in the cold ripid steel. 
AecordiiiK to the several theories, this may be («) a hard, beta allotrnpic form of iron 
normal only to a limited Tcinperature raiiKc between 780" ami SSU" C'., which is assisteil 
by solution of iron carbide EciC, and its influence in reslraininK Ih normal transition; 
(b) a metastoble solution of Fef' in alpha iron, siipjiressinK, therel »re, the seiiaration 
of the carbide, but not the chaiiKe from mamma to alpha irnn; (r) a haril amorphous 
traiLsition form, which is iiiti'rmeiliati* to the complete allolropic chanmi* in the iron, anil 
which is aided in its elTecti by the solution of the combined carbon ami its iiifluenre in 
slowing down tlie reaction velocity; (rf) an allotrojiie form of iron r-arbnle, inlierently 
hard, or conferrinf; hardness because of its forced solution in the irnn; (r) ii hard sub¬ 
carbide of iron t'eiiC, stalile only above the crilieal ranpe. 

According to the stress theories, stiad eooled cpiii'kly from above the critieal range 
is sul)jeeti*d to stresses due to the shrinkage of its outer slndl on (he interior, and to the 
iiUToased volume aecompanying the transformation of gaiiiina into beta and aljiha iron. 
Harliuiing aeeoinpaiiies tin* resullaiit straining of the nndal. Theories in this class 
wore among the first 1 o hi* put foiwvanl to explain the hardening of .slot*! and have recently 
attracted renewed attention. Ilyjiotheses are advanced that (n) the transition of com¬ 
bined carbon from soliditm in gamma iron to non-solution in alyiha iron is not com¬ 
pleted, non-homogeiicity of crystalline orientation is caused, and a hardness similar to 
that caused by intcrstrain is the »*e'^ult; (^) that severe internal strains due to quenching 
fltccl, cause crystal twinning and liard ainorplious layers. 

Many of the theories have inui*h in common, and in some eases the distinetions are 
in largo part Iecliiiical or a matter of deruiition. The technical points are exceedingly 
complex and involve the highest principles of metallograidiy in exi)erimentation and 
elucidation. To quote .Siiuveur fMetal. and Hard, of Steel— Ini. En^. Voi\g.^ 1915). 
" It will be obvious from the foregoing that the many atteiiqds at arriving at a satis- 
faetory explanation of the hardeiiiiig of steel are ha.sed on one or more of the following 
conceptions; (1) existence of a h.ard nllotrni)ic variety of iron, (2) existenre of solid solu¬ 
tions involving the oeciirrenre of so-called 'hardening' earhon, and (3) existence of 
afroins in quenched .steel causing or not an amo’-phous condition of the iron.” 

“It will likewise be obvious that nothing .so far jiresented fully satisfle.s our craving 
for u seicntitieally acceptable explanation of the many phenomena involved.” 

“It w'ould .si'cni a.s if the iiietlioiks used to date for the elui’idation of this complex 
problem have yielded all they are capable of yielding anil that further straining of these 
methods will ordy servi* to ennfu*^!' the issue, a jnniit having been reached when this 
juggling, no matter liow' skillfully done, with allotrny.y, solid .solution, and strains, is 
causing weariness without advancing the solution of the problem. The tendency of 
late has been to abamlnn the safer road of exjx'rimental facts and to enter the maze of 
excessive speculations, in which there is great danger of becoming hopelessly lost. The 
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condusion seems warranted that new avenues of approarh must be found if we are to 
obtain a rorrert answer of tliis aiiparerit piiigina.” 

Many of the theories are founded uj»on special or iiiiusual eomlilions; others, again, 
fit tlie general oliservations liut fall short of eovering all of the faets. It seems logical 
to assiiine that since hanleniiig in metals (ineluding steel) can be the result of several 
physical elTeels, observfHi jdienoinena are not to be exjilained by theories based upon 
one prirniple only; there may be several contributing causes. 

701. Essentials in Hardening.—The opt'ration of lianlrning of steel 
ct)Tisists of two ossoiitiMl stops: (1) Healing above the eritieal range of 
teiny)eratiire; (2) eooling rajudly from that ttanperatiire. No change 
in the iron-carbon relations will lake plact' until ihe steel is heated 
to the lowa.‘r critical temperature .4ri (about 728° C ). Austenite will 
then begin to form, and the reactimis will lie completed at the upper 
transition temperature (77",S' of the constitution diagram, J^g. 1, (1i. XXI, 
As indicated hy the diagram, and discusseil more fidly in Art. (iOl. ctmi- 
plcte conversion of a eulecloirl steel (1).S8 per cent ('.) ma\" be ivfTt'cletl by 
heating to just al)ove tlie constant tcMiiperature Arr, while for steels of 
other carV)on content, a. range of temjuMiiture is necessary, v liich l)ecoines 
greater as ihe carlion cuiitimt is farther removed eil lier way from eiitectoid 
proportions (I'ig. 10). 

The above transitions are reversil)le, under nnnmd conditions, and 
the reactions will reach a conditirm of ei]nilil)rium with rise or fall of 
temperature, in accr)r(l with tlie eunslitulif)n diagrain. 81ie essential 
reaction is fi'rrib' idus eementite to aiisienile, oi’ the ]‘e\'erse; nr com¬ 
bined carbon info or out of solution witli gamma iron. The reaction 
requires time; scjairation is relatively much slower than solution, and 
naturally requires longer time in j)roportion ti> tlie (juantily (»f eementite 
to separate; that is, with increase of carl ton conliuit in the st eel. Again, 
the reaction velocity of se|jaration Ijecoines less as the steel liecoines 
colder and more rigid. Tliercfore, by suddenly cooling a sled which 
is in the austenitic temperature range, if is possilile to bring it to 
such a tempera tine and state of rigiility that tin; reaction velocity 
becomes nil, and tlie austenite will be forcilily restrained in the steel 
at normal temperatures, in its entirety or in such intermediate 
transition form as might result from tlie carbon cuiitent and cooling 
conditions. 

702. Methods of Hardening.—The quenchirig copacity of a medium 
for hardening steel depends upon its specific heat, conductivity, vola¬ 
tility, viscosity, and temperature. Tlie hardening batli should always 
be kepi at a uniform trinperature, especially if water is used, and should 
be continually circulated to prevent the formation of vapor envelopes 
about the metal, since these materially retard the withrirawal of heat. 
In order of hardening capacity the more common fiuenchirig media 
rank thus: water spray, brine, water, oil and molten lead. The 
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first two of these are used conunercially on small parts only, when an 
extremely hard surface is desired. Files are often hardened in brine. 
Water quencihinfi; likewise is so drastic that its use is restricted to tht? 
low-carl)OM steels or to very small parts of simple shape made of hi|2;h- 
carbon steel. With the heavy sections of high-carbon steel these 
drastic hardening agenca^s are likely to cause cracking. 

On account of the wide range in quenching power which various 
oils possess and becausti their action on the steel is less severe than 
water quenching, ihey are much used for hardening tools, machine 
and structural parts where toughness is an important consideration. 
!n some wtjrks the Llrastic cooling of the water-bath is soniewliat 

700 1 ----—--- A relieved by floating an oil 

,2110. bath above it; ui others 

rm --- the parts are partially 

^ cooled in water befort'- 

-.. - -quraiehed in oil. 

s I The principal use of niolt- 

|i(M)- - (»n lead is for toughening 

? // r I the metal. 

I m -/J-“ ..c s i ,-’ “ Parts of irregular form 

Ihvely to Avarp and 

200 —<'.J ^ - crack wdien rapidly hard- 

1 '■' ('lied. Long pieces siioiil 1 1 

*"^' 1 .1 -i- 1 - ijii Tit in the »)alh 

Fcr unit carijuu tirst wliorcver jiossi- 

pju. ‘Jt.—Till! lii;lLitii)ii.s Ih‘(w(‘i‘ii Ciirbuii CunlLMit, h]f3 jf very long siicii 






.1)1) .Ml) 
I'cr unit Curbuu 



► 21) C. 
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,rvP.... . 
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Sie^lK 






ITiiriliit'.ss Mnil Iflirrlenini^ CMpacity, 


(Brincll in pieces may lie allowral t o 
Jour. Jr. ond St. Inst., Vol. 50, p. 2ia.) into the bath. Inas- 

Fi)Kiin;is lu^.siih' plotlr-il puint.H imliinili- iiuiiiImt nf rivsull.s :ivi*r- A ks idlllOSt. 

iiginl. 'riir Hiliinm null init, varicil fmni 0.1 til !).■» iiiul imiiiKaucsi' ini[)OSSlble t O hiirileil UIll- 
frmn t ).2 to '.J.ll prr cciiL in l lii- h( lU'Jw'ri.*pr»aL*ii ttnl Itv thr riii'an r i • j- i 

curve. The ...iuui.y in . urv-.H II. C. nnJ .1 at (Uili ...t , ™t >1" ''*'.'' of llll frp SI'C- 

rarlioii \s duv. to llu' luwcr miinyiiiitae CDiiliiiits iii the highcv t ioil thcV sllOUltl, W'hl*rever 
I'urbon aifula. -i i i i i i r 

[xissilile, be bored before 
hardening. This is often advantageously done in heavy^ shafts and 
axles. The inferior metal at the center of the piece is thus removed; 
and, liy forcing a stream of oil through the hole during quenching, a 
much more uniform hardening treatment is gotten. 

703. Effect of Carbon on Hardening.—The influence of carbon in 
hardening steel is well brought out by the expiTiments of Hrincll, some 
of the results of which are presented in Fig. 21.* It will be observed 
that the hardening capacity is greatest and nearly constant for steels 


nirve. Ihc ili!« 
rarlioii is iIul; t 
I'urbnn hIcuIh. 

hardening. 


ScD also Fips. 4 and 5. 
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containing 0.40 to 0.80 per cent carbon, but the maximum hardness is 
found in hardened steels of aiiproximately eiitectoid composition. 

704. Characteristic Microscopic Structures in Hardened Steels.— 
Present definitions and nomenclature are taken largely from the Report 
of Committee 53 of the l.A.T.jNl. This report was based on the theory 
that the traiisformation of austenite to pearlite takes place in a series of 
steps. According to this theory, when austenite, of eiitectoid composi¬ 
tion, is cooled slowly below the critical range it transforms first to marten¬ 
site, which lieing unstable transforms immediately to unstable troostite, 
which transforms to sorbite, and that in turn finally to lamellar pi'arlite. 
If a fast cooling rate is used, martensite or some other intermediate product 
will be retained. Further, according to the theory, reheating martensite 
slightly below 400° C. will produce troostite, and reheating to increasingly 



Fig. 22 (n).—Lamellar Stnictiin^ in 
0.73% C. Sleel. IleMtial \ hr. at 
815'’ C. anil eooleil in funiiiee. (151K)X. 
Huth Figures by K. A. Uagalz.) 



Fig. 22 (fd.—Chanular Stnieiure with Kvi- 
(haiees uf Aeieiilar Origin. .Same .steel 
qiieiiehial in cfiiistie .^oila frarn SIS'* C. 
anil reheatril ta 315 ' C. (150()X.) 


higher temperatures will produce in turn sorbite, granular pearlite, and 
finally lamellar pearlite. 

This theory implies, and it was so considered for some time, that 
troostite and sorbite olitained by slow cooling directly from austenite are 
exactly similar to the troostite and sorbite obtained by reheating marten¬ 
site to the required temperature. That this is not true is no^v universally 
recognized and is ea.sily proved with the modern microscope. Majority 
ojiinion now agrees that if cooling is sufliciently slow the austenite of 
ordinary carbon steels Iransforms at temperatures, aliove 550° C. directly 
to lamellar jxairlite, which structure is stable on further cooling. Also, 
if cooling is .sufficiently rajiid, the austenitic will transform at tempera¬ 
tures below 150° C. to martensite. With the u.sual cooling methods this 
means that direct transformation from aiLstenite will result in either 
lamellar pearlite or acicular martensite. If martcn.site i.s reheated, a 
granular structure is produced which contains increa.singly coarser carbide 
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particles as the reheating temperature is increased. Examples of the 
two structures are shown in 22a and P^ig. 226. 

The following definitions of the names of the constituents of steel that 
have been coiminjiily used and will probably continue to be used until 
changes are made l)y an international committee are those suggested by 
Committee 53, modified to agree with recent develt)pments. 

Aufitcnilc is a soliil solution of narljoii in gamma iron. It may also include other ele¬ 
ments, manganest^, nicked, etc., in association in the solution, dlie carbon may vary 
from traces to 1.7 per cent. Austenite is a normal constituent of all carbon steels 
above the critical temperature range, and may Ijc rctaincal in varying proportions by 
rapid cooling by qui^nchiug from tViese high li^mj^eratures. 'rhese ])rLiporticjiis deiJeiid 
upon the. amount of carbon, tcmpiTaturc of c|uencliiiig, jind sj^ecd of cooliiyg. In i)lain 
low-carl)ori slmds, then* is no rcli'iition i)f austenite, ilue to thi' r;ipi(lity of transforma¬ 
tion; with high carbon (above 1 per cent) a proportion up to about 50 per c(;nt may be 

checked in association with 
martensite. 

Asso(dated metals, as 
manganese, nickel, tung¬ 
sten, etc., in suflicient 
amount lower the (Titieal 
temp era tun* or slow dowm 
the rate of trail si ti[m, so 
that it will not take place 
at all or will be (heeked 
by rnorJ crate cooling, with 
retention of austenite 
alone. Being a homo¬ 
geneous solid solution it 
c.vliibit.s the charatderistie 
polygonal grain stnicture. 
lig. ‘id, is a typical ini- 
crosecti on. 

The physical proper¬ 
ties of austenit(' vary with 
the carbon coidi'nl; an 
increase of this element 
increases the hardn(*ss, 
strength and elasticity 
and low('rs the ductility. 
Austenite is harrl relatively 
to ferrite, but is sofUn* than cenumtite, nr than marten.sitc of the same carbon content. 
AustiJiiitic steels are non-magiu'tie, timacious, rathiT ductile, and tougli. 

Mf»rh'/iM/(’ is the ilecoiiiposilion product IhoI results wlnai austenite is mode to trans¬ 
form below 1.50 ’ C. It is regardfd as liidiig an i-xi i'ssivelv supi^rsalnrated solution of 
carbon in alpha iron which undergoes a precipitation of carbide partieh‘.s on reheating. 
It is th(^ principal constitiumt of hardened carbon .'<teels, and the cause of their great 
hardness. The exact cause for the hardne.ss of marti'iisile is still a moot point, but some 
of the more important reasons giviai are: precipitation of the carbich's from the super-. 
saturultHl s<ilutioi\, fudeular structure, (inciiess of grain, distortion of the space lattice, 
and pre.sence of intenial strains. 

Martimsile is obtained, as.sociated with austenite, by quernhing v(‘ry high-carbon 



Ido. 23.—Cast Manganese kSt(^el Quenched in Water from 
1 tKK)' C. Nearly 1 CHI per cent aiistenite, Mag. = 1 (H) d. 
(From Fig. 32.5, Sauveur's MdnJ. find Ilmt Trviihtieni of 
Iron and 
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steels from hipjh teraperature in ire water, or in total by wnter-qiienrhiiiK euteetoid or 
hypereutectoid steel from the austeiiitir ternperiiture range. Miernseopirally, as shown 
in J'ig. 24. the structure ai)pears m.s a network of interiaiung neeiiles of truingulur 
distribution, Mssiimed to l)e clt'a.vages nf octahedra. Martensite is very hard, very 
strong, brittle, and non-rnalleable when 
rold. These jiroperties are intensified with 
increasing additions of earlioii. 

TrooMe has binai regarded as the 
product o))taineil liy iiiu'iiehing carbon 
steels from tlie austenilie ri^giuii at a rate 
slightly slower than oni' that woulil }>ro- 
tliif‘i‘ a eompletely marten.sitie strui-liire, 
or l)v temjjering inarttaisite Indwi'en 200 
and 4(K) (\ d'he first type, i‘;dleLl firirnary 
troostite, lias a nodular appearance iiinler 
low niagnifieatioii, but higher magnifira- 
tion shows it to la* very finely laminated 
pearlite. The sia-ond type, called seeonil- 
arv troostite, has a granular structure with 
finely rlividc'd carlade particles. Ilolh 
forms are darkly color(*d by iM clung. 

Sorbitol has been considered as forming iji Jigider sections of st cid on l ooling in air from 

above thi‘ i*ntic!d range', by oil 
iiui'riehing steel of medium civrboii 
content, or by rehi'atiiig rnarleiisitR 
a,bov(‘ ino' C. but Iniriw tlie critical 
temperature. Tlu' first two nn'thods 
jiroduci' lamellar structuri's, while 
the last nu'l hod iiroduees a granuhiT 
structure with fairly coarsi' carbide 
particles (see Fig. 25). 

because of their fine and hoino- 
gciH'fMis state of aggregation, steels 
II I; n 11' so r 1 )i ti c 1 > y 11' i n p i * I'i n g in art lais- 
itc haVI* high strength and elas¬ 
ticity coupled with nia.xiirinin ductil¬ 
ity cnmiiarefl with those of normal 
pearlitic structure. 

Naturally, with no sharp 
l)()imdari(*s bi'twnt'n th(> con- 
stiluiMits, li'mpt'rnd may 

bt* n'latividy complex, and 
consist of various associationa 
of tin* transition funns. The extreme bardiU'ss niid brittleiit'ss of niarteiia- 
ite steels make them practically unsuitfui for industrial ust's, exct'pi cutting 
tools; even here, and to a much greater extent in structural products, vary¬ 
ing proportions of the other transition forms are desired. They are obtained 
by proper selection of composition of steel, maximum temperature of heat¬ 
ing, nature of cooling medium, and by tempering; that is, reln*ating of the 
product to a prescribed temperature, followed by slow cooling or quenching. 



Fig. 25.—A 1.1 Per Cent Carbon Steel Quenched 
from !1UU" C. H ehe;it ed to (IIX) C. mid Quenchcil, 
Showing Nearly 1 00 Per Cent Surbiti’. JNlag. - 
150 d. (Courtesy Siuivcur and Boylston.) 



Fig. 24. —Ai-icidar Structiirc of Martens¬ 
ite. A 0.7:T f C. si cel ipii'nidied from 
815^' C. in rauslic soda (1500 X). (By 
It. A. Hagatz.) 
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706. Tempering. —A plain carbon steel that has been hardened is in a 
metastable condition of equilibrium. If this hardened steel is reheated to 
some temperature below the critical range, a more stable condition will be 
obtained. A low reheating temperature will begin the precipitation (jf the 
carbides from the unstable supersaturated alpha iron of the martensite, 
and with increasing temperatures the precipitation continues, followed by 
diffusion and coalescence. A long reheating period just below the critical 
will produce a spheroidized structure. 



A properly hardened steel will have maximum strengtli and hardness, 
miiiimum ductility and grain size, and will be internallj^ strained. As 
tlie above combinalion of properties is usually not desired, modification 
is affected l)y tiMiipering. Tvrtipvring or drawing consists in reheating a 
hardened steel to a temperature below the critical range and cooling as 
desired, ddie terms have been used syiionymousl}^ by many, but some 
prefer to restrict tlie use of tempering to reheating temperatures below 
400° C., and to use drawing where the reheating temperatures are above 
400^ C. 

The reheating temperature to be used depends on the final properties 
desired in the steel. As this temperature is increast^d the strength, hard¬ 
ness, and internal strain decrease, while the ductility is increased. If 
good strength and hardness are desired, the steel is reheated to less than 
400° C. The structure so produced is granular witli fine carbide particles. 
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and has been called troostite. It is entirely different from the structure 
produced by quenchinf^ austenite at an intermediate rate. If a greater 
measure of ductility", toughness, and freedom from internal strain is 
required, a higher reheating temperature, 400° to 600° C., is used. The 
structure so produced, called sorbite, is also granular, l)ut impregnated 
with coarser carbide particles. 

The rationale of hardening anti tempering, and its correlation with 
the grain structure, is illustrated in Tig. 26. 

706. Relation of Drawing Temperature to Hardness. —The effect 
of varying teiiipiiaturrs of reheating upon the hardness of water- 
quenched spring sti‘t:ls of different carbon contents is noted in l"ig. 27. 


n.i 2r!4 31B 427 nai r.-i.n 71 . 1 , T. 



TLMiiiiL*riiii' TeniiH-rature in l)ctfn3i;.s Ftilirciilicit 

Fic. 27.— Firc.ft of fin l,h[‘ ll.ir.liirs.s of \^ iOit-iiiiimh-IumI Spring Steels. 

(Fiiisley.) 

Similar data for small s])eeimeiis of sit'd oil riut'nched and drawn at 
various leiript'rafures in a batli of sodium and potassium nitrates were 
secured by Neatl in his exi)ej'iinents, s(‘e Fig. 2H. From a comparison 
of these curves it becomt's evidtait that water-(|uem'Iied specimens 

are much harder tlian oil-rpieiirherl of like composition and size. The 

extreme harrlness of tlit! water-c]uenched pieces is diminishral by very 
low drawing temperatures whereas the hardness of oil-qiuaiched pieces 
remains unaffected until the drawing temperature is raistaJ consider¬ 
ably—al)Ove 350° C. in Ncad’s tests. 

707. Methods of Tempering or Drawing Steels.—In all heat treat¬ 
ment operations, the aim is to secure a minimum size of grain. The 

maximum temperature of heating (for hardening) should be held as 






642 


PROPERTIE.^ OF STEEL 


close as practicable to the critical range. The latter varies somewhat 
with different steels, and is best determined from cooling-curve data 
obtained with a pyrometer. For steels of moderate or high-carbon content 
(above 0.50 C.) loss of magnetism in the heated steel coincides with the 
critical temperature; thus a magnet .serves as a detector, since it will not 
be attracted by the heated object if the transition zone ha.s been pass('.d. 

The drawing tempt'iature is most accuiately indicated by a pyrom¬ 
eter; but in tool dressing, color methods give a simple and reasonabl}^ 
accurate control. If a j)iece of harriened cold steel is brightened and 



Fits. 2S.—"riio of Drawing TcnipoiMhirc on ilir Ilartlness and Elongiitii)ii 

of Oi)-(iin*nchc(l .Steels. (Noad.) 


placed in a hot furnace, the .surface will a.SvSUnie oxide tints varying 
through pale .straw color, lu'own and blue to the final blackish scale 
color, as the teiiiperatrire of the steel rises; and it will become pro¬ 
gressively softer. The a[)proxiinate relations of temperature and color, 
bntli oxide and incandescence, are noted in the aceompaiiying table. 


Ci>li)r of Oxiile. 

iJCK.f. 

Dor.F. 


Deg.C. 

D[‘k.F, 

Light isti iiw . 

221 

4:10 

Bed— ^visiljlp in dark. 

400 

752 

LStniw. 

2:12 

4.50 


A"? i 


D;irk straw. 

LMd 

470 

tied—visible in daylight. 

.524 

OS.J 

975 

V(*llf)w l)rr)wii. 

254 

400 


5<S1 

107 R 

Dark hrown .. 

21H> 

.510 

I4ull « lu*rrv rod. 

800 

1472 

Brown pvirplp. 

271 

520 

(^herry ml.. 

!)()0 

1052 

Dark piirpln. 

277 1 

524) 

Bright red. 

um 

1832 

Bright l)luL'. 

2S.S 

550 

Orange ' ollnw 

1200 

2192 

Tiill l)hip. 

20:1 

filU) 

Vellaiv ivViitp 

IIUK) 

2372 

Dark Map . 

iUt) 1 

000 

Weliliiig white 

1400 

25.52 


! 
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Most tools of ordinary carbon steel are treated by heating to a 
temperature slightly above the critical range (Fig. 10); the edge of the 
tool is hardened, t)y qiiencliiiig in water or oil, witlulrawn from the 
bath and brightened. The surplus heat in the red-liot unqiieiiched 
portion is allowed to reheat the hardened quenched part until the 
proper temper color has reachetl the edg(', the whole tool is then 
quenched to check further drawing of temper. This method is best for 
edge tools, such as lathe tools, since it gives the proper hardness at 
the edge, backed by a softer and tougher portion better adapted to 
withstand shock. However, it is unsuited for taps, milling cutters, 
etc., which must have uniform or distributed hardiu‘ss; in this case 
quenching of the entire tool and subsequent, reheating in the IVirnace 
are necessary. To avoid cracking, large se[*tions, such as axles or 
shafts, should never l)e quenched to room temperatiue if they uro to 
be placed in a hot diawing furnace, but sliould lie held rt Itlb to 
loO'’ C. For carbon steels, the initial heal for quenching is preferably 
CMiTied to the lowest temperature at which hardi'iui.g will take place, 
since there will be the accompaniment of minimum ^o irsening of grain, 
and resuilant maxiinum toughness of product. 

Hehealiug of the hardened steel parts muy be done in a furnace 
on a hot plate, in a sand ])atb or in a li(|uid l)ath. I'or drawing tem¬ 
peratures under V. oil is commonly usimI. For higher tempt'ring 

temperaiures a sidt Itaih made of 2 pails polassiiim nilrate to 3 parts 
sodium nitrate or a h‘ad bath is often emphned. 

Heating of the metal either in hardening or drawing sh[)uld lie at a 
sulhcif'iitly slow rate to secure a unifoini tempc'rature throughout the piece. 

708. Drawing Temperatures for Various Classes of Steels.—The 
degree of tempering will vary with the natuie of sia vice, l)[ang greatest 
for tools subjected to shock, and where* great hardness is h\ss essential 
than toughness. kStoughton* gives the following drawing temjieratures 
for various classes of tools: 


225° C. Faint Straw 
to to 

235° C. Dark Straw 
236° C. Dark Straw 
to to 

250° C. Light lirowii 
251° C. Light Brown 
to to 

275° C. Purple 
276° C. Purple 
to to 

300° C. Blue 


Tools for metal plunrrs, smtill turning steel, anil wood I'ugraving. 


Ihjnfhes and dies, ta|)s and dies, nriilling eutters, boring tools, 
reaiiuTS, wood inaehine tools roek drills. 


Tw'ist drills, wood tools. 


Cold ehispls, wood rhisels, axes, metal and wood saws. 


* The Metallurgy of Iron and Steel, p. 384. 
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Springs are drawn at temperatures between 300 and 450° C. and 
axles and shafts are toughened by drawing between 400 and 650° C. 

709. Carbon Contents for Tool Steels.—Plain tool steels have a 
carbon content varying with the service requirements. United States 
Navy specifications (L. H. Kcmmcy, Soc. Nav. Arch, and Mar. Engrs.) 
are as follows: 



Clti.sM 1. 

C'lll.HH 2. 

CliiHH 3. 

CluHS 4. 

Carlxm. 

1 25-1.15 

1 If)- ! ,05 

0.0,5-0.85 

0.85-0.75 

Manganese. 

0.35-0.15 

0.35-0.15 

0.35-0.15 

0.3&-0.15 

Phosphorus. 

0 015 

0.015 

0.020 

0.020 max. 

Silicon. 

0.40 0.10 

0.40-0.10 

0.40-0.10 

0.40-0.10 

Suliihur. 

0 020 

0.020 

0.020 

0.025 max. 


Vaniuliiirri niiiJ l•h^onlillnl optioniil. 

CIeuss 1—Lathe and planer tools, and tools requiring a keen cutting edge combined 
with great hardness; drills, tups, reamers iiinl screw-cutting dies. 

Cla.s.s 2—IVIilling cutters, inandrel.s, triinnier diG.s, threading dies, and general 
machine-shop tools, reijuiring a keen cutting edge combined with hardness. 

Class 3.—J*neiiniatic chiseLs, j)unche.s, shear blades, etc., and in general tools requiring 
hard surface with I'onsiderable tenacity. 

Clas.s 4.—Itivet sets, hainiiiL-r, cupping tools, smith tools, hot drop forge die.s, etc., 
and, in gein'ral, tools which require great toughTie.s.s combined with the neeessary hard¬ 
ness. 

710. Surface Hardening Methods.—Ucrlair) steel parts sncli as armor 
plate, safes, plowshares, special types of gears, pinions, and l)ea,ring .sur¬ 
faces must combine toughness with a high re.sistance to indentiition or 
abrasion. Large surfaces, as in safes, armor plate and plowsliares, are 
made by sandwiching tough soft steel plat(\s between hard plates and 
rolling the coud)ination together at a wadding heat. Then the exterior 
plates are heat-treateil to secure the desired hardness and toughness. 

Cii.sc hardening consists in forming a hard surface on a wrought iron, 
malleable cast iron, or low-carl)on steel, part by lieating al)Ove the critical 
range (900 950° ('.) wdiile surrounded liy a meilium rich in carV)Oii. The 
surface metal should not contain initially over 0.2 per cent carbon. For a 
heavy case the metal is held at llie high temperature 1 to 8 hours. After 
the required case has been formed, the parts may l)e heat-t reated in several 
ways. If a liard .surface is wanted and tnughnes.s is of small moment, the 
objects may be wdtlidraw’ii from the furnace and immediately iilunged into 
cold w^ater or oil. Such treatment will i-esult in a liard case liut both case 
and core wall lie coarsidy crystalline. If toughness is important, the 
objects should lie cooled hv\ow the critical range, tlien heated above the 
upper critical point for the core (900° C\), and quenched, d'his procedure 
hardens and refines the grain in the core but makes the case coarse-grained. 
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By reheating to a temperature just above the critical range of the cose 
(775 to 825° C.) and again plunging in water or oil the core will be ailnealed, 
the ease hardened, and its grain refined. 

Manganese, tungsten, chromium, and molybdenum steels are readily 
case-hardened; but those of nickel, silicon, and aluminum are less sus¬ 
ceptible. 

Amonp; the .substivnnes usihI for packing materials are granulated bone, wikhI char¬ 
coal, Iniriit leather, a inixtvire of 2 parts barium cnrbonate to ‘S parts woihI chariMial, 
potassium eyaniile, and gases rich in carbon monoxide, such as illuminating gas. Granu¬ 
lated bone is the base (jf most of the packings used in this roiintry. Although the 
rate of pentdratiDii of carbon is slower with wood chareoal than with burnt leather or 
the barium earl)onat(‘ and rharcoal mixture, yet it gives good salisfaetioii when a deep 
case is refiuired. The potassium cyanide cniiipoiiiuls rpiickly ])roduce thin uniform 
cases, but evolve pnisunous gases whieli render them dangerous. 

The thickness of the ease varies from 0.02 to 0.2. OrdiMarily the ease wanted ia 
less than 0.1 in. thiek. Best n'sulls are ol)t.aiiuMl when the earbon content of the case 
is slightly altove the (Miteetnid ratio (0.0 to l.Oj^er eent). There is vtTy little absorption 
of earbon whi'n the ti‘inperature is held below A r,. Above that ])i‘iiit the rate of i>enetra- 
lion inereases with the tiaiiperature ami decreasivs with the time oi exposure. 

Nitridin{i of certain steeds will produce a case^ liard enough to scratch 
glass (900-1100 Brinell) and high in resistance to atmosphe^ric corrosion. 
Tin? oi)r?ration is ceunluctenl on steels containing appre?cial)le peerceiitages 
[if aluminum, vanadium, eir nickel combiiietl with chromium or molyb- 
ikmum. Tarts to lie nilrided are loosely packinl in gas-tight boxes, which 
are ht'ated, under careful control, liedwetui 500 and 1300° V. While thus 
heated, ammonia gas is circulated through tlie lioxes for 2 to 90 hr. Parts 
are tlien slowdy cooletl in the furnace. The case depth is usually less than 
0.03 in. (see Trans. Am. Sac. Steel Treating, Vol. 16, No. 5, 1929). 

Two useful (levelopinents in methods of heating surfaces are provided 
hy Jhime hardening and induction hardening. In tlie former the oxyacety- 
lene torch is uscal to heat the surface and (luenching is accomplished by 
application of water spray or compressed air. Induction hardening is 
most readily applied to cylindrical surfaces like crank shafts. It is accom¬ 
plished by sending a liigli frequency current wdth high amperage and low 
voltage through indiietor blocks which surround but do not contact the 
object to be hardened. Tliesc blocks, acting like the primary coil of a 
transformer, induce a curient in the object wliich is thus quickly heated 
through hysteresis and eddy eiii’rent losses. Quenching is done by a water 
sjiray passed through tlie inductor liloeks. 

711. The Influence of Hardening and Tempering gn Mechanical 
Properties. —The great influence exerted by carbon on the capacity of 
steel for hardening hy heat treatment has been pointed out. Besides 
increasing hardness, r|uencliiiig of mcrlium- and high-carbon steels raises 
Vioth the .strength and clastic limit and low^crs the ductility of these steels. 
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By hardening and tempering, or by cooling less rapidly through the criticjal 
zone, a'wide range in physical properties can be obtained. Of these methods 
hardening and tempering provides the better control of the properties of 
the treated object. 

Brineirs Strength Tests. The data furnished by Brineirs * experi¬ 
ments provide stJirie good illustrations of characteristic influences of 
various heat treatments on the mechanical properties of steels. Some 
of his data have been plotted in Fig. 29, 30, and 33. From Fig. 29 
and 30 it follows that water quenching from above the critical zone 
without subsef|iient drtiwing causes an increase in the strength and a 
loss in the ductility of the low- and medium-carbon steels and for these 
steels is more effective than oil quenching. (It should be borne in mind, 
however, tluit such riuenching when applietl to larger pieces of steel is 
likely to fjroduce heavy internal stress and may even cause cracking.) 
For the high-carbon steels the oil-quenching treatments gave greater 
strength and ductility than f|uenching in water at corresponding tem¬ 
peratures. Wattir quencldng of the high-carbon steels caused warping 
and heavy internal stress. Under such conditions the specimens were 
eccentrically loaded in testing and, being very brittle, broke at compara¬ 
tively low stresses. In Brineirs quenching and drawing treatments it 
appears thai drawing at 250° C. after quenching in oil at 80° C. had about 
the same effect on strength and ductility as quenching in water at 20° C. 
and tem[)ering at 550° i'. 

Quenching from 850° C. followed by tempering gave the best combi¬ 
nation of strength and ductility of the treatments tried by Brinell. This 
is esi)ecially true for thi‘ water-quenched specimens. It is likely that 
quenching the high-carbon steels at a somewhat lower temperature and 
tlie low-carl ion steels at a somewhat higher temperature could have given 
still lietter results. It will be ol)served that in the case of water-quenched 
specimens the drawing temperature necessary to give the greatest strength 
increases witli tlie carljon content. For example, consider the plotted 
data in Fig. 29 for steels water-quenched from 850° C. The 0,09 per cent 
carbon steel was strongest when quencheil, the 0.25 and 0.44 per cent 
carbon steels were strongest when drawn at 350° C., and the other steels 
liad highest strength when drawn at 550° C. It is likely that high-carbon 
steels woidd have had still greater strength if drawn at 400 or 450° C. 

The influefii'e of tenipering on the stren-gth and ductility of oil-quenched 
steels is well brought o\it by the results of Nead’s tests.f In these experi¬ 
ments quenching was done at temperatures slightly above those recom¬ 
mended by the Am. Soc. for Metals (see Fig. 10), and tlie results are 
very uniform. In Fig. 31 it will be observed that the ultimate strength 

* Jour, vf Jr. tmd St. 1901, Pi. 2, p. 234. 

t Trov.th -4 J\Jin. Etig.^ Vfii. 53, p. 21 b. 
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and yield point are not materially affected by tempering at tempera¬ 
tures under 400° C. Fig. 28 shows that the ductility, excepting the 



0.83 per cent carbon steel, is also unaffected l)y tempeiing within this 
range. There is produced, however, a marked decrease in strength and 
elastic limit and a corresponding increase in ductility as the drawing 
temperature is raised above 400° C. These effects are most pro- 





















648 


PROPERTIES OF STEEL 


nounced in the high-carbon steels, as would be expected. For larger 
pieces strength and ductility would be less affected by quenching, 
and constant for a greater range in drawing temperature. 

(■DF 607) 081 ni noFfuauDia j3J 



('n] 00-;,) -niiD OBT nf uDi:FV.8uuia 

The ioughminij effect of quenching followed hy drawing at various 
temperatures is admirably illustrated by the tests of Grard * w^hich are 
summarized in l"ig. 32. The curves for energy of rupture in impact 
• Proc. I. A, T. 1912, lib. 


Fig. 30.—The ["fT( ff Variou.s Heat Treiitments on the Tlonfiaiicn of Acid Opeii-hearili Steels. (Ilrinell.) 
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show that the low-carhon steels are the toughest and that maximum 
toughness in each of the steels tested was produced bv drawing at a 
temperature about 50° C. below the upper critical fx^iiit (Aca). 



Drawing TemjuTiitvire lu DLigrtitsa CBiUlgrncle,. 

rifj. 31.—The Effei L of Drawing Teinpemhire on the »Stri;ngili of Oil-ijiiinir ljcrl Sli'-els. 

(Nead.) 
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Drawing Temperature iu Degrouh Osullgrado 


Fig. 32.—Effects of Drawing Temperature on the Mechanical Prf)i)erti(!.s of 'three 
Grades of Steel. (Grard.) Impact tests were made on notched specimens. 

For drawing temperatures below 400° C. the energy of rupture of 
the semi-hard and hard steels is low and constant. Again when the 
annealing temperatures are reached in the drawing process the tough- 


Yield Fulat Id LOOO Ib./lo? 
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Fin. 33. —Tlu‘ Inttunnri' nf C:irl>oii on thi^ ToiiKlmess 
of Steel as Mt'iisurLMl by the Energ)" of Rupture in 
Tensile Tests and in Impact Testa. 


ness abruptly decreases. 
It appears, therefore, that 
the quenched steels in 
the martensitic state, and 
those which have been 
tempered into a troostitic 
state are very strong and 
hard but they do not 
possess the toughness of 
the sorbitic steels formed 
by drawing at higher 
temperatures (500° to 
700° (^). I'urthermore, 
the pearlitic steels formed 
on a n n eating after 
quenching, a 11 h o u g h 
more diudile, have less 
shock resistance than 
those in the sorbitic 
st at e. 

Results of some of 
Brinell’s impact tests 
have been plotted in 
Fig. 33 (/)) and (c). 

These also indicate the 
supi'rior resistance of 
low-carbon steels under 
impact and show that 
the incdimn and high- 
carbon steels are materi¬ 
ally improved b}" quench¬ 
ing and drawing at a 
high temperature. They 
do not show, however, 
that such treatment is 
so beneficial for the low- 
carl )on steels. 

By comparing Fig. 
33 (n) with Fig. 33 (fi) 
and (r) it becomes evi- 
diuit that the energy of 
rupture computed from 
tension tests is not a 
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measure of the efficiency of a heat treatment in toughening steels. 
In other words the efficiency of a toughening treatment should be 
judged by the results of impact tests. In general the nicked impact 
test with the blow applied mmnal to the root of the nick is the most 
severe type of test for such purpose. 

In Fig. SS (f/) aie plotted results of Charpy impact tests made on 
the same steels as useil by Nead (see Fig. 31). The results are more 
consistent than those of Brinell and, likewise, ksIiow the beneficial effects 
of drawing oil-quencheil si eels at 650” C., thus producing a fine¬ 
grained sorbitic structure giving maximum tougliness. 


EFFECTS OF MECHANICAL WORK 

712. Effect of Hot Work on Structure.—The miMdianical working of 
steel may be hot or cold; ii may lie carried out at lemperatures ?d)Ove 
or below the transition zone. In luxating steel above the critical tcm- 
peraluie, there is a eoinpleie obliteration of existing grain, ami a pro- 
grt'ssive increase in grain size of the newly formed austenite with tem- 
IX'rature lise aliove tlie (Titieal range, and witii time inltu'vals which 
will allow of iionmd crystallization. Symmetry of crystallization is the 
teiidf'iicy in the austtaiitic zone, and tlie size and character of grain 
thus aitaimal is not destroyed during the ri‘verse transition in cooling 
to normal tempiaature. 

]\Teehanical work r(‘suUs in distortion of the grains causing flatten¬ 
ing in the direction of tl’e jnessure and consecpient destruction of the 
normal synimt'lry. Wiiliin tiie austfaiilic rangi^ tin* metal will split 
up into a mass of grains of syminetrieal character, and approximately 
of the dimensinns dek‘i'min(*d by tin* distortion; these will in turn 
grow into an aggn'gatt* of largiu- symmetrical grains cf)nfoiming to the 
temperature and time conditions. If, tlieiefore, as is usual in mechan¬ 
ical work operations, distortion and reduction of grain size within the 
austenitic temi)eratun* range is accompanied by a gradual decreiise of 
tempera lure of the melal, tiie n^siiltant. grain must l)e finer tlian the 
original, since there has Ijeen mechanical reduction, accompanied by a 
lower end temperature which will largely dettu’mine the size of the final 
grain. This size will l)e a function of the amount of reduction of the 
initial grain b}" the mechanical op(U’ations, and the finishing tempera¬ 
ture as compared with the critical. Heavy reductions will tend to 
result in a fine-grained structure; this in turn will tend to increase 
in size the higher the finishing temperature is above the critical one, 
and the more the time approaches that needed for complete aggre¬ 
gation. From the standpoint of the doctrine of grain size—that 
strength and ductility are the accompaniment of fineness of structure— 
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the importance of hot work in improving the physical quality of steel 
is obvious, and it is especially beneficial if the reductions are heavy and 
at finishing temperatures as close as practicable to the critical zone. 
A comparison of Figs. 11 and 12 shows the marked improvement in 
refining the grain which has been accomplished by forging a piece of 
cast steel. 
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The specifications of the United States Navy for steel forgings 
demand tliat tlie diamet(*r of the grains in the finished part, as deter¬ 
mined under th(‘ microscope, shall not tixceed 0.Q05 in. 

713. Effects of Hot Work on Properties of Steel and Iron.—It is 
evident that the rale of cooling of a steel section will have an impor¬ 
tant influence upon the 

80,000 - — — -1-f--- 

structure and physical 
properties, provided the 

. ' mechanical work is 

•2 i/y / 4 “ \ finished at a ternfx^ra- 

» 00.000 — \ li [ A --- \ —— above the critical 

1 fif \U/1 raiiRe. That is, in 

- ! f// u - - addition to the direct 

p g [!(// I □ 1 I effect, of mechanical 

l4.,uo«f .- iU . I I 

I ' i,y id 3787.. p^ j I I there is tlie acCoin¬ 
'S \ {FoTKJAo'^n \ pMiiiment of the effects 

g I" of hardening and tem- 

I I I IM'i ing, liec.ause of direct 

” : --treatnient or the equiv- 

I ^ I alent rchsult due to 

io,Doo _ -.. : h "- . natural cooling condi¬ 

tions. The tenqxaing 

pi_ _____effects conform to the 

0 o;o5- o:.o 0.10 OO 0.J5 0.30 jjg p^nciples. set forth 

rropoiiionatc liionguon heret ofore, and are pro- 

FitJ. 114.—Slinwiiij; llio ViiryinK Clinnu'lcr of Metal in portioiiately greater ill 

DilTeicnt r:iri.s of Llin ( loss-sertiDii ul a Larpif »S|i*el Idgh-Carboil or sp<‘eial- 

Sliaft will'll I’lirm'il uiiiler a "reii-toii Haiiiiiicr. {Tvsta ^ 
r r alloy steels than m the 

of Metals, ISS.i.) -11,1 1 ■ 1 r 

mild si eels which are of 

gnuitest iniiH)rtance in usual construction. The best results are ob¬ 
tained by the [ntijxr eoirelation of mechanical work and heat treat¬ 
ment of a stei'l of suitable chemical composition, all determined by 
eoiisideratioii of the servi(‘e conditions. A few examples illustrating 
tlie effects of liot working follow. 

Ill Fig. 'M is shown the cross-section of a steel shaft 16 in. in diam¬ 
eter (wliich broke soon after being put in service) from which eight 


rropoitluDatc eiu^etloQ 

FiiJ. .44. —Slinwiiij; Hio VaryinK Cliarai'Icr of Metal in 
DilTeiciit rariis of Llin ( Toss-siM-tiim ul a Larpe Steel 
Shaft will'll l'’ur^:eil uniler a Ten-ton Haiiiiner. {Tests 
of Metals, ISSri.) 
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test-specimens were cut, lying symmetrically in a diametral section as 
shown. Four of these were tested as cut from the shaft. The other 
four >vere forged down after cutting out. The plotted results show: 
The elongation of the unforged specimens variiMl from 21 per cent in 
the sperimen taken fjoin near the surface of the shaft to 2 per cent in 
the specimen coming from near the center. In the forg^'d specimens, 
however, taken from tlie opposite side of the disc, the elongation 
varied from 28 per cent near the surface of the sliaft to 24 joer cent 
near the center, thus showing that the. malerial was identical through¬ 
out when it had been similarly worked. In other words, the material 

near the fumter of the sliaft was in its 
])rimitive condition when first east, while 
that near the .surfact' was tliat of well-rolled 
steel. This sho»vs the iiee(‘ssij>^ of forging 
large shafts nndf'r enormously hea\y liain- 
iners, or, beater, thi' necessity of using only 
bollow-forgiul shafts for sueli serviee*. 

The amount of lenJuidion whieh a piece 
loceives in rolling materially iidluenees the 
mechanical proiicrtii^s. Ihilhais * cites tests 
of bars ranging from J in. tod in. in diameter 
all rolled from the same ingot. d'hii t ensile 
strengths of these bars varied from 137,000 
to 100,000 lb. per stjuai’e iiieli, ri'spiad.ively. 

In Fig. 35 the eiiaituH erisl ie iidluencc 
of t liickn(‘ss on the iirojiertii^s of mild st eel 
liars is well shown. It will be observed 
that the strength and idastii; ratio deerease 
slightly but the iliietility incnaises as the 
thickness of tlie met al is increased. Anneal¬ 
ing greatly redmies tli(\si‘ effects. 

From Fig. 30 it may be set^n that the 
variation in ultimate strengtii and in the 
elastic limit for various thicknesses of metal 
is much greater when the metal leaves the 
rolls at a tlull red heat. Working at this temperature slightly increases 
the ultimate strength and ductility and raises the elastic limit from 8 
to 10 per cent above the values gotten at normal fini.shing temperatures 
(a bright red). After annealing, Campbell’s tests show that specimens 
finished at a dull red heat still have properties superior to normal 
specimens similarly annealed. 

In general the apparent elastic limit rises as the thickness of section 
* Steel and Its Heat Treatment, p, 229. 



Fi(i. 35.—JOiTcct f)l Thi(:kncs.s on 
the ]M(‘fhaiiiriil Propcrtii's of 
Mill! Steel, Natural anil An¬ 
nealed, {Cdniphrirs M’J'g find 
Prop, of Iron and Stael.) 
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diminishes. Since steel columns are built from comparatively thin 
sections of metal (generally from I to ^ in. in thickness), and since 
the ultimate strength of these is dependent wholly on the apparent 
elastic limit, and not at all upon the ultimate strength, it is necessary 
to evaluate this elastic limit for the particular thicknesses of sections 

used, rather than from special test bars, which 
are usually not less than | in. in thickness. 

Differences in the amount and character 
of work which various parts of a stetd shape 
receive during rolling often causti considerable 
discrepancies in mechanical properties. From 
Fig. 3, Ch. XIX, it will be noted that the 
material near the center of the w(d 3 and in 
outer portions of the flanges of an I-beam is 
worked more in rolling tlian the portions at 
the junction of the flang(‘ and web. Kesults 
in Table 5 show variations in the properties 
of test-pieces cut from these; parts of several 
I-beams.* 

714. Methods of Cold Working. —Cold work¬ 
ing of st(a;l, or reduct ion of area at tempera¬ 
tures well below the critical zone, results in 
distortion of the grain in accordance Avith the 
applied forces, and tliis distortion remains 
l)ecause of lack of mobility or tentlency to 
acquire symmetry at temi)eratures much 
below the critical, Fig. 37. Cold distortion 
causes increased density and produces an 
internally strained condition in the steel. It 
is accompanied by increased hardness, tensile strength, and, if a period of 
rest is allowed, by an increase in elastic limit.t The ductility and shock 
resistance, bowevi'r, are lowered by cold Avorking. ("oltl drawing, cold roll¬ 
ing, cold pressing (or flanging), and cold t\Aisting are the usual methoils of 
cold working metals. The draAving and rolling processes are very effective 
in securing parts of exact cross-sectional dimensions. The cold-drawing 
process is used mostly on pieces of small cross-sectional area,—such as 
Avire, automatic scrinv stock, small shafting and tubing,—Avlicrc a large 
reduction in area can be made in a single ilraft. For large shafts and 
axles cold rolling is more efficient than cold draAving. Chid rolling 
impairs the ductility of the metal less than cold draAving, probably 

* From tlu; carnfolly roiiilurteJ tests of E. L. Hancock, Prrtc. A S. T.M., Vol. 10. 
p. 24S. 

t Elastic limit is used synonymously with proportional limit in Arts. 714 to 717. 



Fiii. 30.—Influence of Tliick- 
in;.SM on Micliji.riiciil Projier- 
ties when llie Piu centii^e of 
Reduction in Ilollinij; is C 'on- 
fitant, Last PassiiKe in Rolls 
being at Normal and Dull 
lied Heat, Respectively. 
(CampbeH’s Man w/rirfarc 
ami Properties of Tnm and 
Stovl.) 
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(a) Thr [Jistrirtit)n is imirli Ifss ii, lht> litit-rollinl iiictal fM ])istnrLion diip tn rold punching. 

il) lhau in tin* I’nlii-ruUtJtl (8). liule ui left. 

Fig. 87.—Distortion Duo to Ciilil Work. (IMok- ^t'lOr/.) 


TABLE 5.—TENSION TESTS OF STEEL SPECIMICNS ClIT FllOM I-BEAMS 

(II AN corn). 


Tho sporirnpiia wpro tfikpii from the eenl er of the web, from the flange near the web, 
anil from the root of flange and web. Elastie limit wa.s rletermined by an extensometer 
reading to O.OOOl ineh. 
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81 
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42 
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because the total reduction in area is effected by a large number of 
light passes through the rolls. The reductions in either of these processes 
are very much less than in rolling or drawing hot. Cold pressing is 
much used in fashioning thin parts in car construction, and in making 
of sheet metal forms. Cold-pressed parts which must withstand 
shock require annealing. Cold twisting is used to raise the elastic 
limit and ultimate strength of square steel bars for reinforcing con¬ 
crete. 

Cold punching of holes in boiler plate, in structural steel and forms 
made of wrought iron and soft steel is very commonly practiced. The 
method is rapid and cheap but causes heavy distortion in the vicinity 
of the holes as shown in Fig. 376. Since the metal on the die side of 
the hole is coiisideraldy embrittled by this process (see Fig. 16, Ch. Ill), 
and is also rendered more susceptible to corrosion (see Fig. 1, Ch. 
XXIX), good jiraclice demands that the holes be punched about J in. 
undersize and reamed to required dimensions. 

71B. Effects of Cold Work on Properties.—Tests on hot-rolled and 
cold-rolled shafting by Thurston at Cornell University* show that cold 
rolling increases the elastic limit in tension from 15 to 97 per cent, the 
tensile strength from 20 to 45 per cent. Under cross bending the 
elastic limit is raised 11 to 30 per cent and the yield point 13 to 69 
per cent. The (dastic limit in torsion is raised from 28 to 40 per cent. 
That the effect of cold rolling on the strength penetrates undiminished 
to the axis of the bar is demonstrated by a portion of Thurston’s 
results, given in Table 6. The ductility of the metal at the surface is 
greater tlian that at the center but the discrepancy is most marked 
in the cold-rolled metal. In elastic re.silience tlie cold-rolled metal is 
superior to the hot-rolled; in energy of rupture it is inferior to the 
hot-rolled metal. The modulus of elasticity is slightly increased by 
cold rolling, in these tests by about 1,000,000 lb. per square 
inch. 

From a vSeries of tests by A. J. Woodf on cold-drawn steels of low- 
carbon content the following conclusions seem justified. Cold drawing 
by reducing the diameter about -^6 draft increases the max¬ 

imum strength of bars less than I J in. in diameter about 10 to 15 per 
cent. It increases the elastic limit about 100 per cent, reduces the 
elongation by 75 per cent and the reduction in area by about 15 per 
cent. Cold drawing raises the strength and elastic limit both by direct 
stretching of the metal and by lateral compression which also causes 
lengthening of the piece. The properties of the metal are approxi¬ 
mately uniform throughout the piece. 

* See abstract in Machinery^ April, 1917. 

t Engr. A'eua, Vol. 59, p. 63. 
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TABLF 6 —RESULTS OF TESTS OX COLD-ROLLED AND HOT-ROLLED 

STEEL BARS. 
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In the above tests by Thurston and by Wood the properties were 
determined from pieces turned down to various proi)C)rtions of the 
original diameter of the rolled section, but no direct mc'asurements of 
the relief of internal stress due to the machining are r('ported. From 
the expeiiments of Heyn * and others, however, it seems certain that 
cold-worked metals, especially those which are cold drawn, arc liable 
to severe internal stress. In a cold-drawn piece the core is placed 
under compression and the outer layers under tension. Thus, in one of 
the Heyn tests on a steel bar (Ni = 25, C = 0.3 per cent) which was 
reduced in diameter from 1.34 to 1.22 in. by cold drawing, the maxi¬ 
mum Umsile stress near the surface of the bar was 50,000 lb. per square 
inch and the maximum compressive stress along the axis amounted 
to 54,000 lb. per square inch. By annealing at 850° C. the maximum 
interna] stress was made less than 3500 lb. per square inch. Heyn 
also cites instances of failures of cold-drawn parts of steel and brass 
caused by internal ^stress. 

From the foregoing it appears that a material increase in elastic 
limit and ultimate strength of steel with a corresponding loss in duc¬ 
tility and toughness may be secured by light reductions in cold draw- 
* The Jour. Inst, of Metals, Vol. 12, p. 12. 
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ing, but if the reductions are large the internal stresses thus induced 
may adversely effect the strength as well as toughness and ductility. 
The effects of cold twisting on the strength and ductility of mild 

steel bars is illustrated in Fig. 
38.* The clastic limit in these 
tests was increased from 10.5 
per cent for the |-in. bars 
twisted one turn in \2d to 
80.5 per cent for the f-in. bars 
twisted turns in \2d. For 
manufacturing twisted rein¬ 
forcing bars one turn in a 
length of 6 to 12 diameters 
is commonly used. In a pa¬ 
per before the A. S. T. M, 
J. J. Shuman, a manufacturer, 
advocated 1 twist in 8 to 10 
diameters for Bessemer steel 
of 60,000 lb. per square inch 
tenacity and 1 turn in 5 to 
7 diameters for basic open- 
heart h material of like strength. 
The data in Fig. 38 indicate 
that twisting a bar of mild 
steel through one turn in 8 
diameters causes an increase 
in strength of 13 to 22 per 
cent but produces a decrease 
of 50 to 70 per cent, in elonga¬ 
tion. Under such treatment 
the elastic limit will be raised 
40 to GO per cent. 

It becomes apparent that 
cold twisting produces a large 
increase in elastic ratio and 
a considerable increase in 
strength. These changes are 
accompanied by a marked re¬ 
duction in ductility and a prob¬ 
able loss in shock resistance. 

716. Relief of Distortion Due to Cold Working.—In wire drawing, 

• in Jour. Am. Soc., M. E., Dec., IDin, of testa by Whitney and DohneP 

at Univursil}' of CulDriidn. 



Fici. 3S.—The KITeet of Cuhl TwLsting on the 
StrL*nf;Ui uiul Ductility of Mild Steel Bars. 
(Whitney and Dohner.) 
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several passes through the dies makes the steel so brittle that annealing 
is necessary to restore ductility and ensure further reduction without 
rupture. 

It is usually considered that temperatures aboi'o the critical are 
necessary to remove the distortion of structure due to cold work. 



(f) Steel wire after several rlrafts An a of (dj Suuil wire hard-rlriiwii aii.l llii-ii aiiiiealed 

roil reilufPil liOVt- at a tcrnpnr.'ii iirp lodow ei itieal rarup-. 

Fig. 39.— Effects of DrawiiiR Linrl Aiint^riUiiK on the Structure of Soft Steel Wire 
(0.08% C.). Mnullification 1)5 diameters. (J. F. Tinsley.) 

However, in the manufacture of wire, the annealing temperatures 
(process annealing) are approximately 600“ C. or well below the Aci 
point. That there is effective removal of grain distortion and restora¬ 
tion of ductility is indicated by Figs. 30a to 30c and Table 7, repre¬ 
senting typical practice in the drawing and annealing of mild steel wire 
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of 0.10 per cent carbon content. (J. F. Tinsley before Am. Ir. and 
St. Inst., May, 1914). 

Corresponding results in drawing and patenting 0.50 carbon steel 
wire are given in Table 8. The patenting operation consists in draw¬ 
ing the wire through a heated tube, at a speed and temperature regu¬ 
lated according to the carbon content and size of the rod and wire; 
then cooling it in the air or in a bath of molten lead, depending upon 
the final structure and properties desired. The process is in effect one 
of combined annealing and tempering, and serves to obliterate the 
distortions of drawing and to give to the finished product the required 
combination of strength and toughness, mainly by preventing coarse 


TABLE 7.—THE EFFECT OF COLD 
DRAWING AND ANNEALING ON 
THE PHYSICAL PHOPI.UTIES OF 
0.10% CARBON STEEL. CI'in-slioy) 


Conditifin 
□I Material. 

Per cent Reduced 
in Drawing. 

Tensile Strength 
lb. in.*. 

d 

- s 

.S’o 

a 

d—' 

t ^ 

.2 

PL. 

Green Hod. 

0 

08,000 

25 

No. 5 KngR, 
d = .207in. 




First draft. 

47 

113,000 

2i 

Third draft. 

82 

150,000 

li 

Process annealed 

0 

00,000 

30 

First draft. 

35 

1)3,000 

3 

Third draft. 

70 

130,000 

2 

Fifth draft. 

85 

145,0(K) 

I 2 

lYocess annealed 

0 

02,S(H) 

28 

First draft. 

21 

82, (KK) 

3.} 

Third ilnift. 

02 

124,0(X) 

2 

Fifth draft. 

80^ 

143,(KX) 

I 5 

Seventh draft. . . 

88 ^ 

151,5(X) 

1 

Annealed. 

0 

08,000 

25 

Dead soft an¬ 
nealed after 

first and sec¬ 




ond annealings 


50,000 

32 


TABLE 8.—THE EFFECT OF COLD 
DRAWING AND PATENTING ON 
'ITIE PHYSICAL PROPERTIES OF 
0.50% CARBON STEEL. (Tinslky) 


Condiiiuii of 
Material. 

Per cent Reduced 
in Drawing, 

dj 

rA 

& 

Per cent Elonga¬ 
tion in 10 in. 

Green Roil. 

0 

05,000 

10.0 

No. 5 K!ige, 
d = .207 in. 




First draft. 

28*2 

122,000 

2.9 

Second draft. . . . 

51 

140,000 

2.8 

Patented. 

0 

11.5,000 

8.2 

First draft. 

30 

143,000 

2.8 

Third draft. 

TiOj 

103,000 

2.7 

Fourth draft. 

05 

170,000 

2.6 

Patented. 

0 

128,0(X) 

7.8 

lurst draft. 

30 

150,000 

2.0 

'Fliird draft. 

00 

190,000 

1 .9 

Fourth draft. 

76 

208,000 

1.8 

Patented. 

0 

150,000 

0.0 

First draft. 

30 

184,000 

2.0 

Third draft. 

66 

218,000 

1.9 

Annealed after 




first patenting. 


70,(XX) 

18.0 
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coalescence of the pearlitic cDiistitiieiits. It is chiefly adapted to 
medium- or high-carbon steel products such as .piano wire or wire for 
rope strands. 

717. Effects of Overstrain in General.—The various methods of cold 
working, previously discussed, all stress the metal beyond its elastic 
limit and each produces a particular kind of overstrain. In a general 
way it has been shown that overstraining a bar in a certain direction, 
say in tension, will raise the yield point to the ovivrslraining load 
and will sliglitly increase the ultimate strengtli. The luagnitude of 
the effect on the ultimate will depend upon the amount of overstrain. 
The limit of proporlionalily is greatly lowereil immediately after over¬ 
strain.* There is, however, more or less complete rcfr'very ius time 
elapses, and the proportional limit may be eventually raised above 
the normal value. If the overstrained liar is put uniler the opposite 
kind of stress (compression) tlie yield point and projiort ional limit of 
the bar are lowered, they may even vanish if tl'e peiiod of rest, after 
overstrain is small. (See Fig. (5, Ch. XXI1.) d'luae is also evidence 
to show that the effects of overstrain are felt in all diri'ctions. 11 owe f 
has sliown that the ball hardii(\ss of a tensilely overstrained slvel Viar is 
increasiul in all directions, in otlaa- worils, Unit the t“ITects of simple 
overstrain are isotrojiic in hardening the metal. ICvidiaice of intluence 
of overstrain in directions inciiiiied to the overstrain axis is also afforded 
by Table II. 

Id’om these results it apptairs that the effect of tensile oveistrain 
on timsile proptaties is gnaitesL in the direction of the overstrain and 
Icaist at rigiit aiigh'.s to it. On tlu* other hand, tensile overstrain effects 
the greatest incrtaise in eomjiressive, elastic limit and strength in direc¬ 
tions normal to the oveistrain. (Si‘e also Art. (>71.) 

71B. Grain Growth in Overstrained Metal.—When a pure metal 
or alloy of solid solubility is heated subse(|uent to overstrain a growth 
in the grain may be pioducerl at temiieratures l)elow tiie critical range. 
Thus very low-carbon steel, or ingot iron, exliibits a decirh'd growlli of 
its crystal grains after overstrain, on heating to a teinpruatlire which 
varies inversely with the magniluile of the overstrain. I'or ex;imple, 
McAdam I in experimenting on ingot iron containing O.Odl per cent 
carbon found tliat this metal when reduced 30 per cent in thickness 
began to recrystallize when heated for SJ liours at li0()° \*\ (482° C.), 
when reduced 15 per cent crystallization commenced at 1000° F., and 
when reduced 10 per cent crystallization began at 1100° F. In no 
case, however, did coalescence of grains take place in the recrystallized 

* of Metals^ 1915, p. 127. 

t Sbr liowti’s piij)nr dti Hini])le ovirrstTMin in Proc. A. S. T. A/., Vol. 14, p. 8. 

t Proc. A. S. T. A/., Vol. 17, p. 5U. 
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material until the temperature of annealing was raised above 1475“ F. 
(801“ C.). 


TABLE D.—COMPARISON OT TENSION AND COMPRESSION TESTS ON 
ANNEALICD AND IINANNI:AL1:D STEEL BARS OE IDENTICAL MATE¬ 
RIAL WHICH HAD BI:EN STKICKSED beyond its ELASTIC LIMIT.* 




"[’E.NHIfJX 

T EST.^. 





f ■OMPHEHSin.N Tehts. 


Taken. 
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la 

e9 

K ^ C 
_rt &•—1 

-<'XT/2 
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ES 
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Lj 


1 

Cro.sswi.si*, 

llmimiralnfl 

111. 

10,000 

11). 

(ih,320 

12* 0 

24. i; 

:i0.2 


Ih. 

51,000 

lb. 

5S,1()0 

34.3 

2 


.Aimcidi'il 

10,000 

03,100 

22.0 

;-i3.r, 

21 . 2 ! 

4 

43,000 1 

13,000 

33.0 

T) 

Diiigomdly 

1 Oi'i ririi'idcd 

10,000 mjni) 

10.0 

.59.3 

:■)(). 2 

1 ^ 

47,000 

51,3S0 

34.3 

li 

" 

ArirM'iLlcd 

12,000 i(12,K40 

127.5 

(11 .5 

:{().( 

S 

1 1 

40,000 

13,000 

.31 8 

0 

Loii^'lhwisc 

Unannciili'fl | 

ii:i,oiM) 

73,.000 

IK.O lil .5 

i:n .2 

11 j:i5,000 

48,940 

34.9 

10 

rr 

.XiuumIimI 

i 

47,00(1 iOl.OOO j2(l.0iil .5 

1 ! 

:f0.7 

12 i i2,000 

1 

45,000 

32.4 



* Tln\sr .spi'nirnriis wvrv rut friiin jin n c Inir wliirh hail Ikm'h slre-sseil to ri4,.’-5r)() lb. 
piT HrpiMn* iiii’h, M years luul .4 inos. before these tests were made. 44ie ori^^inal ela-tie 
limit WHS 34,400 lb. per stuiare ineh. The jiosition of tlie siieeimens in the original bar 
is .shown in the fi>;ure above. 4'he rompression specimens were apjiroximtely 0.92 
in. in diameter. (I rum I'vsts uf Mt ittlN, 1S90, p. 731.) 


Till* |)n*s('iu*(* of iin]niriti(*s surh as sla^ in wrought irpn or carbon, 
in till* foiin of pcarlito, in stci'l ap|)par to prevent ^rain growth. Con¬ 
sequently wrnu^lit iron anil steel containing; over U.lo per cent carbon 
are not suiiject to p;rain growth. 

Inasnuich as coarse prain makes the metal very brittle the phenom¬ 
enon of Ki ain ^ 2 :rowt h I tears an important relation to the firoperties of 
susceptiltle metals wlien Avorkeil in the cold and subsequently reheated. 
The phenomenon is often called “Stead’s Brittleness/’ after J. E. Stead, 
who fust investigated it. 

Brittleness is also caused in low-earlton steel and wrought iron by 
prolonged working at a blue heat (220 300° C.). It appears quite 
likely that the crystal growth so produced originates from causes sim¬ 
ilar to those producing “ Stead's Brittleness.” 
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719. The effect of an abrupt 
contraction in cross-section of a 

bar under tension or Ix^ndinp: is lo 
cause liigii eoneenlration of stress 
at the periphery of tlie jiroove or 
notch; also the shouhli'rs of the 
groove or notch previ‘iit fiee elon¬ 
gation of the metal al. the con¬ 
tracted section and inerc'ase its 
strength. Fig. 40 siiows t he effei‘l s 
of various types of giooves on tin* 
distribution of stress in rectangular 
bars under tensile stress. The 
yield point of the iron used was 
3f3,9()() and the ultiinate strength 
56,500 lb. per square inch. The 
mean tensile stress in each case 
was 10,650 11). per stinare inch. 

It will be noted that the calculated 
stresses at the root of tln^ \-shapr*d 
notches exceeded the yield point 
of tlie metal. 

The superior resistance per unit 
area of the steel at. lool of groove 
as compared with steel in uniform 
l)ars is shown by the tj'sts of M. 

Duguet on hard steel and M. Barba 
on soft steel which are plotted in 
Fig. 41. 

720. The Influence of the Form 
of the Thread or the Strength of 
Screw-bolts. — This subject has 
been investigated by Prof. Liar- 
tens,* and his results are here 
given. 

Two grades of mild strcl were uspd 
for these linlts, all of which were cut 
from round bars originally 35 mm. (1.4 
in.) in diameter. The softer material, 

• At the request of the German Society of Civil Engineers. 3'he results were pub¬ 
lished in Zeiis. d. Vcr. deutuch. Ing. for April 27, 1896. The abstract here given waj 
made by J. B. Johnson and published in the Digeat of Physical 7'esU for July, 1896. 



I I i I I i I " 

§ S 5 ot' s' S 

DDiiT ^jRDbg jo[l Fpnnoj □! niTBnax 


Fig. 40.—The Effect of Abrupt Changes in Rectangular Cross-sections on the Distribution of Tensile Stress. (E. PreuBS, 
Zeit. Vereines deutscher Ing.j 1913, Pt. 1, p. 604; MiiteiL iiber Forschufigsarheiten auf dem Geh. des Ingw., Vol. 126, p. 54.) 







664 


PROPERTIES OF STEEL 



‘11.—of (lii‘ I'orFii of (lin Tlcihicrrl Pross-^ioftion 
on llir‘ 'I’l'iisili' St riMi^l li of'Two Kiiiils of Sl(n‘l. l/'Vt’/o7/ 
iUitn. /I'f-/)., Vol. ji. 10.) 


having a torisile strength 
of 53,500 Ih. per square 
inch, was used for screw- 
bolts approximately 1 in. 
in diameter, and the 
harder material, having a 
tensile strength of 62,000 
lb. j)er sriiiare inch, was 
used for the screw-bolts, 
which were reduced to 
aj)proximately .J in. in 
diameter. Four such bolte 
were made of each of these 
sizes fur each of the four 
stylf's of thread shown in 
T.vdjle 10, making in all 32 
bolts with screw-threads 
whii h w ere testerl. Two 
of eai'h f)f these sots were 
tested in plain tension, the 
I)u]ling force being epplied 
tn the inner face of the 
iiut at one enil, and in- 
creasinl until ruiiture oc¬ 
curred. 3'he other two 
br)lts of each set wore 
tested also in tiaision, but 


TABLK 10. -AHSOIJ 'I i: AND RFLATIVE 8TRENGTILS OF ^'IIRKADKD 
_BOLTS IN POILNDS PER, StiUARE INOll. (Mahtkns! 


Kind Lit Thread. 

ftirtn nf 
Hmhi' (if 
'riireiid. 

1 

c 

% 

E 

rt 

Sthfsh Ai'I'I.ikh nr | 

l‘itiii'nin'i rt V. 

IMacliiiip. 

\nl. 

Ti'Ht Ihir - 1 

11)1). 

8^ - 

lOU. 

f:.* 

T * 

T 




8^ 

^0 

‘Sn 

(a) Sharp. 


1 


61,580 

40,020 

IKi.S 

115.2 

03.4 

■■ 

98.9 

80. b 


<Cj 

■2 

71,100 

70,400 

62,720 

111.0 

114 0 

101 .4 

00.2 

SS.2 

(b) Wliitwortli. . . 


1 

62.160 

61,300 

1-1,800 

116.2 

114.6 

83.8 

08.0 

72.2 



_1 

67,000 

fi!),400 

58,880 

100.4 

112.2 

05.2 

100,3 

86.9 

(c) Sellers. 


1 

60,300 

60,020 

52.330 

112.8 

112 2 

07.0 

00 .6 

86.9 



\ 

70.250 

68,120 

62,720 

113.6 

no. 1 

04.5 

tM3.9 

83.2 

(d) German Soc. of 


1 

60,730 

61,160 

47,640 

113.6 

114.4 

80.1 

100.7 

78.6 

I'higr. 


\ 

60,260 

73,670 

62,720 

112.0 

'llO.l 

101.4 

106.4 

90.8 

(c) Normal test bar. 


1 


53,480 




100 





X 


61,860 




100 




* G-" groDved; T. “threaded. 
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under a torsional arlioii resulting from the continuous turning of the nut as tJie load 
increased to rupture. In this case the distortion resulting from the periniment elon¬ 
gation of the bolt v.as nearly :dl taken up by the iiioveinents of the testing-inaehine, 
the distortion taken up by the turning of the nut being the least possible lo maintain 
a continuous torsional action at this point. 

The same bars were also tested as plain tension-test speeiinens witii eyliiidrieal 
bodies, and again with griKwes turneil into them of the same sha])e as the corresponding 
screw-threads, leaving the same diameter at the bottom of the groove as obtained at 
the base of the threads, ^du‘ actual and eoinparativi; average results of all of these 
tests arc given in the table, from which the following comhisions may be drawn: 

1. AA hen subjected to ]jlain tension both the serew-tlireads and (he grooved sections 
were stronger than the plain bars of the same net area of i ross-se[‘lion, this excess of 
strength having an average value of about 14 per cent. 

2. There is no very marked dilTereiice in (he average strength of the holts on which 
the several styles of thread were cut, 
the perfectly sharp groove shown at (a) 
in talole being slightly stronger than 
the. others. 

d. The weakening effect of the turn¬ 
ing of the nut under stress at rupture 
is much less than might have beiai pre¬ 
dicted, when tin; distortion of thesenwv 
below the nut liy pernianent elongation 
is taken into consideration. Tlu* tests 
indicati^ for this case a strength of (he 
1-in. bolts about 10 per cent less than 
that of the plain bars, and of tin; 
bolts aljout 2 per cent less than (hat of 
the plain liars. 

1. In general it may be sind that 
the turning of the nut upon (he bolt 
at rupture reduces the strength of (he 
net section of the bolt by about 20 per Fm. 42.—Varijitiim in Strength of J-iii. Tlate 
cent. for Varying Widths at Boliom of tJroove. 

5. It is very probable that the four ICaidi point reiiresenls ‘6 to H tests. {Tents 
forms of sfrew'-threads here shown of Mvtalsj ISH2.) 

w ould show^ very different results under 

fatigue tests from repeated stresses, and also for static loads on high-carbon steel. 
Under repeated load.s and under shock it is probable that the sharp riM otrant angle 
of thread (a) would develop incipient cracks much earlier than either of the other 
forms, and that probably the Whitworth thread (h) w’ould In; the last (o de.vidoj) this 
kind of weakness, either wdth soft metal under repeated loads or with high-carbon 
steel under static loads. 

721. The Tensile Strength of Grooved Plates is a mi^asurc of th(3 
tensile strength of a riveted joint when failure occurs by tearing the 
plate. This strength is found to he a function of the width of the 
net section at the bottom of the groove, as as of the method of 
making the hole, and of the character of the material. These effects 
are all shown in Fig. 42 for J-in. plates of wTought iron and of 56,000-lb. 
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steel. The steel, being more ductile, ii 
the plain (standard) sectirm, while the 



; stronger in the grooved than in 
reverse is the case with wrought 
iron, except with drilled speci¬ 
mens, where the width of the 
net section was less than 1| in. 

722. The bearing resistance 
of steel and iron plates J in. thick 
(Fig. 41:1) is shown to increase di¬ 
rectly with the distance of the 
liolc from the edge of the plate 
when failure occurs by tearing 
behind the hole. With a factor 
of safety of ‘3 and a distance from 
edge to center of hole of IJ in., 
the safe bearing unit stress 
would 1)6 35,000 to 30,000 
Ib./in.^ for the steel and 20,- 
000 to 20,000 lb./in.- for the 
wrollght,-i ron ])1 at (\s. 

723. Resistance of Steel 
when the Compressed Area is 
Confined Laterally.—When a 
compressive load is applied 
over the full cross-section of a 


Fill. 43. ni’ii rin^f Ui .sishnii i' lui lUvct lliilc.s 
at Jtiipturc will’ll Failuri' ()i*iHir.s hy "I'caririR 
Out of JInIr. T'mi.siln stri'iijeth of stool 
pintles = ( 10,000 11). per sip in. (Tests a/ A/do/.s-, 
18H2.) 


short ])rism or cydinder as in 
Fig. 44tt the metal is free to 
flow laterally at all cross- 
sections excepting those in close 
proximity to the ends. If the 


load is nniforndy applied over a portion of the surface as in Fig. 445, the 


metal under the loading surface is laterally restrained by the ring of sur¬ 


rounding metal. The flow is therefore restricted and the clastic limit will 


be higher than for the first case. 
In Fig. 44c the elastic limit of the 
metal near tlie center of the im¬ 
pression is still higher, owing to 
greater strain and greater restraint. 

In Fig. 45 are shown a series 
of contact areas obtained by press¬ 
ing sections of a cast-iron car wheel 



(n) Frv« Flow (b) Heitrloted Flow 

Flu. 44. 



(,;) ConUnsd Flow 


and of a locomotive stetd driving wheel upon the top of a steel rail in 


a testing machine. The relation of the loads to the planimeter-deter- 
miiied contact areas is shown in Fig. 46. It will be observed that the 
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plot is a straight line and tlie mean intensity of pressure for all loads was 
about 82,000 Ib./in.^ 


Direction aloni; the llall. 



Lb. rj,iK )0 1U,()00 irj,0r0 2(),(K)0 2 ri ,000 30 . 00 « 40,000 .W, 000 * 


New ChUJed Wheel 33 lu. In Dlunietcr 



Lb. 5,000 10,(K)0 l.j,000 20,000 2ri,fK)0 ;«J,000 ID.OOO 50,000 

Ste^el Drivpr 44 In. In Dininuler with Flat Trea l, 

Fiii. 45. —W'lioi'l lmijres.sion.s on o 75-lh. Rail. Top Kiidiu.s, 14 in. Ari'iis urn Onii- 

hulf Sizn. 


Alt>hunfi;h the innxiiriuni .stress at tlie center nf these contact areas was 
probably 50 per cent more than the mean or 2^ tim(;s tlie elastic limit 
(50,000 Ib./in.^), yet no permanent set wa.s 


observed. 

From te.sts on mill I stnictural sto(*l rtillers 
1 in. long resting on, or between, similar steel 
plates Crandall and Alarston obtained the data 
plotted in Fig. 47. I'Tfim these te.sts witli small 
ratios of roller diameter (d) to length (/) the 
critical load in pounds per inch of roller w^as 
given by p = 8S0r/, where d is in inches. This 
relation is faulty since it does not include the 
effect of the ratio d/I for the roller. 

After reviewing existing data, especially the 
tests of W. Al. Wilson in Bull. 191 and 268, 
ICngr. Expt. Sta., University of Illinois, V. P. 
Jensen suggested in Bull. 188, Iowa Kngr. 
Expt. Sta., the following more general solution 
based on the strain energy theory of failure: 




Fig. 40. —»Shi)wirig Ri'lation 
hctwi*!*!! Tfital Load and 
Area of Contact between 
WhPfLs and Rails. (Johnson, 
Tram. A. A’. C. F., Vol. 32.) 


Here By is the yield point of the metal. This equation agrees fairly well 
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with Wilson’s results, which cover a wide range in d/l. Wilson’s tests 
also indicated that the thickness, tj of the bearing plate in inches should 
not be less than ^ = 1.0 +0.004 d. 

Load-bearing tests on knife-edges for scales were also reported by 
Wilsf)!! in Bullfitin No. 242, Ihigr. ICxpt. Sta., Univ. of Illinois. In these 
knife-edge tests the criteria for determining the critical load was an 
increas(i of O.OOo in. in the wiflth of the knife-edge. It was found that the 
critical lt)ad varied directly with the width of the knife-edge for a range 
in width of 0.004 to 0.04 in. The critical load for knife-edges also varied 
wdth the angle al the erlge. For knife-edges wdth an angle of 120 deg., 

the critical load was about 
50 per cent greater than for 
those with 30-deg. angles. 
For 90-deg. knife-edges hav¬ 
ing a Rockwell Jiardness num¬ 
ber between (k50 and C60 
tiie average unit-Vjearing pres¬ 
sure was 400,000 lb./in.,- or 
4,000 lb./in. for a knife-edge 
0.01 in. wide. Successive 
applications of loads less than 
the critical failed to cause 
any j)lastic flow. 

I'ur elastic stress formu¬ 
lae for cylindrical and spher¬ 
ical ])odies in contact, see 
article by R. J. Roark in 
Profifict Engr.^ Yol. 9, No. 
7, j). 278. 

724. Properties of Wire .—W liave alreaily considered the effects 
of drawing, j)atiading and annealing on the })roperties of wire in Art. 716. 
To deterniine the quality of w ire it has been customary to subject speci¬ 
mens to tensile, cold l)ending anil torsion tests. If the tension test is so 
maiie that a complete stress-defonnation diagram is obtained, it appears 
to furnish the essentiid information. From such a test the strength, 
elastic limit, and ductility can be read directly, and the toughness can be 
roughly estimated from the area of the diagram. The per cent elongation 
is not oidy an index of ductility but is also a valuable criterion of the wear¬ 
ing quality of the ^Yil■e when made into rope. The cold-bend test is usually 
made by clamping one end of the wire between jaws having a radius of 
J in., or equal to the diameter of the ware, and bending the projecting 
portion back and forth through an angle of 180° until failure occurs. 
The number of bends required for rupture constitutes a measure of duc- 



Fin. 47. -^rh(‘ Idiistic Limit hit Liiu'id Jiu'h i)f 

ijf \‘;irii)u.s Di.'uiii'l i-rs. ami 

M;ir.st()ii, in Trans. Ain. Soc. Cii'. Eriyr.^ Vul. 32, 

p. 120.) 





INFLUENCE OF FORM ON PROPERTIES 


669 


tility and capacity to receive cold work. The wrapinng test, a measure 
of ductility, is commonly made on wires from wire rope. Alain wires 
should withstand without failure Avrapj)iiig 6 complete turns in a close 
helix on a mandrel with diameter twice that of the wire. Torsion tests 
are made on a {^age lenp:th of 8 in. The number of turns withstood under 
a constant tension constitutes a measure of iluctility and uniformity. 

The strength and ductility of wire depend ii[)on (he drawing and heat 
treatment and also upon the diameter of tin linished wire. Annealed 
iron wire has a tensile strength of 50,t)0() to (it),000 It), per squaie incli. 
1 he same material hard drawn with a diameter of an eiglilli of an inch will 
Lave a strength of 70,000 to 80,000 lb. jx^r sijinire iiu:h, VN'lien drawn U) a 
very fine wire it may have a strength of 100,t)0() 11). per siiu.i’e inch. 
The strength of steel wire is of even greater raiigf‘, ilef)eniling upon eoni- 
position in addition to the previously mentioned factors. Thus we find 
low-carbon hard-drawn wire with an ultima I e strength of 00,(100 lo 
100,000 lb. per square inch and high-caibon liard-drawn |)iano wire with 
a strength of 800,000 to 400,000 Ih. per square i ch. A sirength of 
447,000 11). per square inch is recorded for a piano vviM* 0.08 in. in diaimder 
containing 0.80 per cent carl)on.* 

The following requirements are largely from governine.Ml sj)ia‘ihcations. 


Minimum Uecjcii cements nr ^\ iiic nut lloi'v: 





I'Cintl of V. in* 

1!.., ill.--’- 

1 )i;i iMi-l i-i 

Iron. 

. 

3.2 

rrji(‘1ii)n .s'it'i'l. . 

. 1 ()(),()()() 

2.0 

Cast steel. 

. 170,IKK) 

2.0 

Extra .strung cast sli-el. 

. 1!)(),(H)0 

2.-t 

Plnw .steel. 

. iil 0,000 

2 2 

High grad[‘ plow steel. 

. 230,000 

2.0 

Bridge rahlc f. 

. 220, (HM) 

‘E elung. ill 


Thir prnjjortioiKil limit of I lie* ki.st (i tyju'.s u in- is from llfi I d Tfi ju r iM'iit of thn 
tfiisilf .Htrengih. 


726. Wire rope is made by twisting 7 to 42 wires, U.02 to 0.05 in. in 
diameter, into stramls then twisting 8 to 6 such strands inti) a rope. The 
rope diameter is that of the circumscriliing circle. It()))r‘s are made from 
] to in. in diameter and l)riflge cable up to 80 in. in diameter. ('ominon 
wire rope is twisted from six strands, eacli of which consists ol 7 to 19 
individual wires. In ordinary rofie the strands an* twisterl in the ofijiosite 
direction to the twist of the wire in the strands; but in rojx^, wliich must 
have high resistance to abrasion both wires and strands ar(‘ twisted in the 

• Tests of Metals, 1804, p. 347. t tlruwii prcfi'iTfd Id trciLicd. 
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same? direction, thus forming the Lang-lay rope. Where great flexibility is 
desired the rope is provided with a hemp core, or, if the wear is not great, a 
larger number of wires may be used in the strands. For elevators and other 
hoisting purposes where the loads are light, the speeds high and the wear on 
sheaves is considerable, an iron wire rope gives good service. For 
derricks, mine hoists, cableways, conveyors and uses where considerable 
strength and abrasive resistance is required, cast-steel wire rope lias the 
requisite strength and durability. Plow-steel wire rope is used in deep 
mine hoists, on dredges, stump pullers, and under conditions where 
maximum strength and toughness are wanted. For tlie fixed lines in 
aerial cableways where very great wearing resistance is wanted, a rope 
with a smoother surface is sometimes used. Oik? of the two common 
types is the stef?l-clad wire rope in which each strand is spirally wound 



with flat steel strips. The other is the loeked-wirc rope in which the 
surface layer is made of wires drawn to such a shape that they inter¬ 
lock when twisted about the rope and form a true cylindrical surface. 
Flat ropes are also used for hoisting purposes. 

The strength of wire rope is difficult to olhain from short spi?cimens 
because of tlu? small st retell of the wires and the non-uniformity in 
stretch due (o variation in the rigidity with which they are held. A 
fairly satisfaclory melliod of gripping the ends follows. A length of 
5 ft. or more should be marked otf on the rope and tAvo sets of four 
servings (or windings) with black iron wire should be made at each 
end of the marked length as shown in Fig. 48a. The rope should be 
cut at the markwS by means of a cold chisel and the servings will 
prevent unraveling. Conical sockets may now be slipped over the 
ends of the rope, the outer servings removed and the wires broomed as 
shown in Fig. 4Sb. If there is a hemp core it should be cut back to 
the inner servings. The wires cleansed by dipping in gasoline 
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followed by hot caustic potash. After cleaning, the wires should be 
dipped in zinc chloride and thoroughly tinned in the inoUen babbitt 
used to fill the socket. The sockets can then be pulled over the cable 
ends and the babbitt poured into the socket in such manner as to 
completely fill it. Alloys used with success at the University of Wis¬ 
consin are: Lead, 83 per cent; tin, 7 per cent; antiinony 10 per cent, 
also lead, 60 per cent; tin, 30 per cent; antimony, 0 per cent, and bis¬ 
muth, 1 per cent.* Both of these melt l)eh)w 550° F. Governinent 
specifications require the use of zinc cast at a temperature l)elovv 830° F, 
After socketing, the sj)eciinen is ready for the testing machine. 

In Table 11 is given a summary of several hundred tests on high- 
grade wire and on ropes made of it. These tests were comlucted with 
great care by Tetmajer. Tlie tension and torsion results on wires were 


TABLE 11.— KE81TMK OF TESTS ON CBUC^IBLE CAST-STEEL WIRE AND 
WIRE ROri: USED ON CABLE RAILV AVS IN SVVl rZlORLAND. 

(Fruin T('tin(ij(T\s ConnnuninitiDns, Vol. 4, p. 272.) 



Teht OF’ Entihk 

(Mai h thk Mf:an «)K 'I'wo 
Tichi'.h,) 

Tebt [)f [nihvidttai. WniEH. 

OF ICleven T 

(KAr ii thf: M f an 

f:b' 'h ^ 
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r 

I'lisitm 'I'l'st. 

3'iirHii)n 

HeinliiiK' 

Kalin nf 

NumUpr 

Df 

Cable. 

Diameter in Iiicliee. 

-a ^13 
u'/. 

C k. o 

c- ' 

if 

a 

u 

R 

a.S 

4, 

o 

Pli V 

.3 3 

^ c 

|s. 

s| 

fc - M 

Ch 

U 

2 3 

£ -u 

i c;-? 

V u 

c a 

G <.< &i>-4 

p: 

m 

in 

H-2 

*0 “ • 

i. ? 

K'r a 

73 Ct-i 

*c 6 

m ..L 

'U 
a R 
u 0 

cCj: 

c « 

0.Z 

y. 

SlrenKth 
i>r CiililD 
ti) .\vRraRD 
Strength 
of Wires. 

1 

1.05 

220,000 

312 

2G5,0(X) 

:: 1 

0,400 

27.5 

114 

83 

2 

1 .07 

117,001) 

7.15 

122,000 

9 4 

9,500 

01 , 5 

118 

90 

3 

1 IS 

205,000 

2.01 

i!i:{,(Hii) 

0 

4,0(H) 

35.1 

17.8 

90 

4 

1 13 

101,000 

.3. M) 

207, OIM) 

3 1 

5,000 

44.5 

18.0 

93 

5 

l.(K) 

181,000 

3.92 

191,000 

3.85 

5,300 


15 1 

90 

6 

1.00 

181,000 

3.2S 

190,0(K) 

1 0 

5,700 

52.0 

14.8 

97 

7 

1.3S 

180,000 

2 37 

222,(KK) 

3 0 I 

i 4,000 

33.7 

11.0 

77 

8 

1.30 

220,000 

3.00 

247,000 

3 3 

' 5,700 

21 7 

9. t j 

92 

9 

1.20 

210,000 

3.15 

238,000 

3 3 

5,400 

31.1 

9.1 

89 

10 

1.00 

190,000 

2 40 

190,000 

2 7 

3,400 

48 1 

18.8 

100 

Average (ninit- 
ting No. 2). 

199,000 1 

i 

2.98 

217,000 

3.29 

5,100 

30.8 

14.0 

92 


determined from autographic diagrams, consequently the ductility meas¬ 
urements include the elastic deformations. For a ware having a strength 


* Tetmajer used an alloy of 8 parts tin, 1 part aritiinoiiy and 1 part eopper for iron 
and mild steel wires; for hard steel wires he vrsed 9 parts lead, 2 parts antimony and 1 
part bismuth. 
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of 200,000 lb. per square inch the elastic stretch amounts to 0.7 per 
cent, (consequently the per cent elongation as measured across the 
break after rupture was about 0.7 or 0.8 per cent less than the values 
recorded in tfie .sixth column of the table. 

In long wire ropers on a straight pull the strength of the rope may 
be taken as alx)ut e(pial to the average strength of the individual 
wires if th(\se are all of a})Out the same ductility and ultimate strength. 
If the wires differ greatly in ductility, the ultimate strength of the 
rope is the average resistance of the wires at that percentage of elonga¬ 
tion which corresjx)nds to the total elongation of the least ductile sam¬ 
ples. it is common to assume the rope to have 85 per cent of the 
total strength of the wires when tested individually. The total area 
(a) of the wires in a rope may b(‘ calciilatetl from the following: Or¬ 
dinary rope wilh hemp core, a = A{\(P; ordinary rope with steel core, 
a = J)i)(P; lotikerl wire rope, a = .74(P] where fi = diameter of ropt\ The 
wiMghts in |H)unds pta* lineal foot (le) of the same rop[\s may be esti¬ 
mated hy llit^ following eijuations: }c=1.58r/“, ?r=1.7()d^, and w = 2.5d^^ 
resp(‘ctively. A factor of safely of 5 is commonly usial in figuring 
w'orking loads, but for passenger elevators and conditions where failure 
in th(' rofK* may endanger life, the factor should be increased to 8. The 
modulus of rdnsticity of wire rope after sevcTal loadings usually is between 
M,()()(),()()() and 1(),0()(),()()0 Ih. in.- of metal in cross-section. Values for 
initial loading an* about half the above. 

VVir(*-i’ope pidleys, sheavt's, anil barrels should have a diameter not 
l(‘ss than one hundred times t in* diameter of the ropes running upon them, 
to previ'nt I'xcessive b(*nding strains in the ropes. 

STEEL UNDER COMBINED STRESS 

726. Effects of Combined Stress upon the Elastic Limit.—A state¬ 
ment concerning the theories underlying the causes of elastic break¬ 
down has been made in Art. 41. We shall now l)riefiy consider some 
experimental evidence .sliowing the weakening effects produced by a 
conildnation of torsion and direct or bending stresses. 

The iiitluence of combined stre.^s in lowering the elastic limit is 
shown in I5g. 4!). dliese results were obtained by Hancock at Purdue 
University * from experiments on steel tubing and steel shafting. The 
deformations both in tension and in torsion were measured with appa¬ 
ratus of sufficient accuracy to permit the determination of the elastic 
limit (really the limit of proportionality). It seems rather doubtful 
if the measurements of deflection w'erc sufficiently accurate to detect 
the overstrain in the extreme fibers of the specimens under flexure. 

* Reported in Proc. A. S. T. A/., Vol. 7, p. 267. 
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Curves 1, 2 and 3, represent the effect of an initial torsional mo¬ 
ment in lowering the elastic limit in flexure, compression and tension, 
res}x*ctively. I'hus, if an inilial twisting; momdit sufficient to stress 
the outside tiher of a lound V)ar to one-half of its elastic limit in shear 
is applied and the bar is tlnui axially compressed under progressively 
incn'asiiig loads, curve 2 shows that the elastic limit in compression 
will l)e fourifl at 7h per cent of the load whicli the bar could carry 
under siin[)le coinpression. It appears that curve 1 is too high, ])robably 



Fit;. 10.— ^T1il‘ liitku'iitT t)f Ctniiluiunl Stres.s on tlin ICbistir Lhiiil. (IhiiirDi-k.) 

I'lCi. riO.'—Thc InlliiiMifc r»f Oiinhirif'il .Stross on llic Mrnlulus of I'^hisl.icily. (Minirock.) 

due to the difficulty of dcdermining by rleflection increments when 
the outside fdier had b(‘en o^J^enst rainiMl. Curve 4 shows thi^ influence 
of an inilial tensile or compressive stre.^s on a round bar subjected to 
torsion. 

727. Effect of Combined Stress on the Modulus of Elasticity.— 

Hancock’s tests also show that tlie rnofluhis of (hasticity in tension 
and in torsion is consifliTably decn'ased liy corntiined stress, whereas 
the effect of comliirual stress on tlie modulus of elasticity in flexure is 
less, rig. 50. The results are, however, much more irregular than those 
from which Fig. 40 was derived. 


Proportion of Xonnat 
Modulus ol LlasticltT^ 
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ALLOY STEELS 

72B. Varieties of Alloy Steels and Their Manufacture.—Those steels 
which owe their peculiar projjerties to the presence of one or more elements 
besides carbon, or to th(‘ joint aclion of such elements and carbon, are 
termed alloy steels. In a ^eiunal way we may say that these alloying 
elements influence the i)rt)perties of steels through the changes which they 
affect, (1) in constitiition and structure, (2) in shifting the position of the 
critical ranges on healing and cooling, and (.‘0 in promoting stability of 
structure uinler wide tenii»erature variations. Wlien the distinctive 
properties are i)roduced by the addition of one element to a carbon steel, 
a ternary allfiy, consisting of iron, carbon and tln^ eUaiient, is formed. 
When two such ehanerds are addeil to a carl)on steel a quaternary alloy 
results. The more important alloy steels are the ternary alhrys made with 
nickel, manganese, cdirome, tungsten, variadium, silicon—the quaternary 
alloys, chrome-nickel, chrome-molybdeuum, and chrome-vanadium steels, 
and the higli-sj)e(Ml steids whicli are more complex alloys. 

The alloy stetds whicli are turned out in large tonnages like the nickel, 
silicon, chrome-nickel, cliroine-vanadium and manganese steels are gen¬ 
erally inanufactured in the acid open-hearth furnace. Nickel may be 
added with the charge, Init the oilier elements are added just Viefore 
pouring, or in the ladlt*, to prevent losses through oxidation. Tungsten 
steels and higli-speed steels are generally made in the crucible or electric 
furnace. 

729, Nickel steel is, from the standpoint of tonnage and variety of 
uses, the most important of tlie ternary alloys. Although additions of 
nickel to pure iron f effect large increases iu strength and hardness with 
acconipanyiiig losses in diictiUty, the comtliercial alloys generally contain 
carbon with small percentages of the other impurities common to carbon 
steels. Nickel appareidly fiirms a solid solution with iron, reduces the 
solubility of carbon in iron, and produces marked changes in the position 

* *S7rf7 niui Its I/nit Treatment^ hv D. K. “Tapinnl Disnissiun on 

llip Uoli' of thf Sfvml Alloying Lli'iiirnts in Alloy Htri'ls," Proc. A. S. T. M., Vol. 17, 
p. 5^-57; Bull. No. HX) ('. *S. Biirin}i (ff Mints; Mtmufndnre und I'ses of AUojj Sicelj 
liy H. 1). llihljanl; M onogrophs on Alloys tf Iron Htsmrrh^ IJattoUti IVlL'inorial Institnto. 

^ Bull. No. IMC, Liiiv. of \V is con .sin, by anil A.stnn. 
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of the critical range. On account of these influences the constitution, 
the mechanical and the elec'trical properties of nickel steel are greatly 
altered by variations in the nickel content. 

The relation of nickel and carbon content to the constitution of nickel 
steel as cast is shown in Fig. In. Fig. shows the intluence of nickel 
on the niagiu'tic point (Tr-j or ylfj) of nickel-iron alloys. It will be 
noted that alloys containing less than 25 per i/erit nickel are irreversible 
(transformations in heating take place at much higluM' temperatures than 
in cooling), but alloys containing over 25 per cent of nii’kel are reversible. 
Although evidence is incomplete, the critical ranges of nickel steels are 



Fifi. la.—The CDn.slilulion of Nirkf'l SIim*1s. (Cluillei, Jour. Jr. and St. Inst.^ Vol. 

70, p. 4.) 

Fni. 1ft.—FafM't of Nifki’l on CTilir-nl Poinis. (Osmond, Cnmptrti Rrndu.'i, Vnl. 128, 

j). m\.) 

effected in somewhat the same manner as the above. Since nickel lowers 
the solubility of carbon in iron, it is not possible to carry over .50 to .60 
per cent carbon in nickel steels which are to be annealed on account of the 
tendency of carbon to separate on slow cooling from above the critical 
range and form graphite. 

From a consideration of the constitution diagram (Fig. la) we should 
expect the low-nickel (pearlitic) steels to possess high strength and good 
ductility, those of medium-nickel eonlent (martensitic) we should expect 
to be much stronger and far more brittle while those of high-nickel content 
(austenitic) should be strong and ductile. These expectations are roughly 
borne out by the experimental results of Giesen which are plotted in 
Fig. 2. In toughness the austenitic nickel steels of a given carbon content 
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are puprrior to the poarlitie, which in turn greatly surpass the martensitic 
steels. Because of these mechanical properties, the low and high-nickel 
steels are of most use. 

Low-nich'l SUels .—On account of the high cost of nickel only the 
low-nickel steels have entered the structural field. Most of the structural 
nickel steels contain 3 to 4.0 per rent of nickel and 0.15 to 0.40 per cent 
carbon. Advocates of structural nickel steel claim that it has greater 
toughness and ductility tlian a carbon steel of etjual s+rength. It is also 
claimed that it is freer from segregatifin but is more liable to blow-holes 


y-Irnri-l- / li^ii+ 7 Ii riii + 

INtiiliri M trims li 7 Ir m C nilit ,,l i,,, U 7 li )ij C‘ '*1^ MuTfiiimtH 7-lrr»D 



Fkj 2 -'Phr IridiiiMin of Niiki'l on (lir iiul Diutilih ol Slid (Clipscn, 

I'l U(ntf) Mi nnm\ lA l,p 1 ) 


and fissures than carbon steel It possess(*s excellent machining (juahties 
but cannot be welded. Low^-mckel steels are somewhat Mipenor to car¬ 
bon sti'cls in resisting eorro-^iun; liigh-niekel steels are \ery maikedly 
superior. 

Abbott slates that eaidi per cent of nickel added to the low’-niekel 
steels (Ni<8 per ceiiO lowers .Ici about 10 3 The other critical 

points are also depressed iieaih as much On cooling, the lowering effect 
on the critical points of these steels is nearly twice as great as in heating. 

Wlien heat-treating nickel .steels it is necessary to hold them lunger 
than earlwin steels at temperatures above the upper critical point in order 
that transfonnatiniis may be completed Since nickel steels are less liable 
* Proc -1 S. T M , Vol 17, p 13 
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to injury through overheating than carbon steels, double quenching affords 
an excellent although somewhat costly method of equalizing the structure 
in hardened stoel. Double quenching consists in heating the steel to 
a temperature considerably in excess of the upper critical point, quench¬ 
ing, reheating to a temperature just alx)ve the upper .4 c point to refine 
the grain and again quenching. Otherwise the heat treatment of low- 
nickel steels is carried on in manner similar to treatment of carbon steels. 

Abbott also states that the strength of a given carbon steel is increased 
by 4200 lb. per sq. in. for each per cent of nickel added up to 8 per cent 
and the elongation is reduced by 1 per cent. Thus a 0.30 per cent 
carbon steel having an ultimate tensile strength of 70,000 11). per sq. in. 
would have its strength increased to 85,000 lb. per sq. in. by the addi¬ 
tion of 3.5 per cent of nickel and its elongation reduced 3.5 per cent. 
With 4 -in. bars he states that the tensile strength cf hardened and drawn 
nickel steel is increased by (2n4(KV 21.4 T) lb. per sq. in. for each per cent 
increase in nickel, T indicating the drawing temperature in degrees C. 
The elastic limit is likewise raised by (28700-17.4 T) lb. per sq. in. for 
each per cent of nickel added. Hardening lowers the per cent elongation 
about 0.73 per cent for each per cent of nickel and drawing does not affect 
this reduction appreciably. Comparing with carbon steels, we note that 
structural nickel steels have greater resistance to impact than carbon 
steels * for like uses. Heat treatment seems to make the superiority of 
the nickel steels more marked. 

These steels are used considerably in long-span bridge construction, 
for shafting, rifle barrels, ordnance, axles, bearings, forgings, and castings. 

High-nickel steels containing from 30 to 35 per cent of nickel and 
less than 0.40 per cent carbon po.ssess great resistance to shock, a tensile 
strength of 85,000 to 95,000 lb. per sq. in., an Edastic limit of half that 
amount, and an elongation of 35 to 40 per cent in 2 in. The modulus of 
elasticity of these steels is low, being about 23,(KX),000 lb. per sq. in. Since 
these high-nickel steels have very good resistaiice to corrosion they are 
well adapted to valves and spindles ft)r gas engines, boiler tubes, and for 
wire netting and cables which are to be used in salt water. 

Steels with 25 per cent of nickel are practically impermeable to mag¬ 
netism unless cooled below —50 when the}^ become magnetic and remain 
so after returning to atmospheric temperatures (see Fig. H.) Steels of 
30 to 35 per cent nickel arc magnetic at ordinary temperatures but have 
much lower permeability than carbon steels. They do not suffer mate¬ 
rial change in permeability due to heat trc*atinent. 

Invar, an alloy of iron with 36 per cent nickel and 0.50 per cent car¬ 
bon, has a coefficient of expansion of onl^^ 0.000001 per °C. It is most 
useful ill making steel measuring tapes and bars, clock pendulums and 
• See Testa by W. K. llatt in Trans. Am. Soc. C. E., Vol. 63, p. 307. 



678 


ALLOY STEELS 


other apparatus in which dimensional changes due to temperature must 
be made as small as possible. Platinitej a nickel steel containing about 
46 per cent nickel and a low percentage of carbon, finds useful application, 
because it has the same coefficient of thermal expansion as glass. 

730. Meuiganese steel is the term applied commercially to alloys 
of iron containing from 10 to 14 per cent of manganese and 1 to 1.3 per 
cent of carbon. Inasmuch as manganese exerts twice as powerful an 
influence as nickel in lowering the critical temperatures of the iron-carbon 
alloys and also renders the rate of transformation at the critical points 
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very sluggish, it exercises a most 
potent effect on the constitution 
and properties of the metal. Fig. 3 
shows the variations in structures 
of the alloys due to changes in 
manganese and carbon content. It 
will be noted that the commercial 
manganese steels arc austenitic 
and experiments have shown that 
they have no well-defined critical 
points. In cast or rolled form, the 
steel is glassy brittle owing to the 
separation of rnanganese-iron car¬ 
bide which, in slow cooling, forms 
a weakening network around the austenite grains. By reheating the 
steel to a temperature between 1000 and 1100° C). and quenching in 
water, separation of the carl)ide is prevented and a fine-grained uniform 
austenitic structure is secured. As a consequence of this heat treatment 
the ductility and toughness is wonderfully improved. 

(Fig. 4 shows the tensile properties of various manganese steels as 
deterinined by Iladfield, wlio first investigated their properties.^ It will 
be observed that the ultimate strength of the water-tougliened specimens 
of the commercial alloys is about 140,000 lb. per sq. in. and the elonga¬ 
tion between 40 and 50 per cent. The elastic limit is, however, quite 
low, being only 50,000 lb. per sq. in. The steel exhibits no necking in 
the tensile test and consequently has a low per cent reduction in area. In 
shock resistance, it is far superior to carbon steels of equal strength. 
The Brin ell hardness iiuml)er of the commercial steel is only 200, or 
thereabouts, but it possesses extremely high resistance to certain types 
of abriision. IT owe * attriVnites this resistance to its capacity of hard¬ 
ening under deformation. The austenitic manganese steels are non¬ 
magnetic and possess high electrical resistance. 

On account of the impossibility of softening by heat treatment, man- 
• Proc. A. S.T. M., Vol. 17, p. 7. 




Ultiindtp Strength in rounds per Snuare Inch 


MANGAXESE AND CHROME STEELS 


679 


ganese steel cannot be machined- Therefore it can only be used advan¬ 
tageously in shapes which can be cast or rolled to approximately final 
form and finished by a comparatively small amount of grinding. 

Water-toughened manganese steel is effectively utilized for rails on 
curves where wear is severe, for frogs and switches, for vaults and safes, 
for screens in separating stone, for crusher jaws and rolls. 



Fii;. 4.—TliC Influence of Mun^^nnesr* mi the Slrcnglh iinil Dutitiliiy of Stf'cl. 
iSpecimens were J in. in diMmi‘ter. (IlMilhehJ, Crnr. J nM. Civ. Enf^r., Vnl. DU, ji. 1.) 


The martensitic manganese steels are of little commercial value on 
account of their excessive brittleness. 

731. Chrome steels coiitaining 0.5 to 2 per cent chromium and 
0.2 to 1.5 per cent carbon find considerable application for parts where 
great hardness, high strength and a fair degree of toughness are required. 
The great hardening capacity of the chrome steels is due to the combination 
of chromium with cernentite, thus forming a double carbide with iron. 
Chromium also promotes a very fine-grained structure in the metal. 


Per cent Elongatioa in 3 in- 
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Steels of the composition mentioned above are pearlitic in the normal 
state. In the annealed state they have somewhat greater ductility than 
carbon steels of equal strength, but subsequent to proper quenching and 
tempering, they are much stronger and harder, and somewdiat tougher 
and more ductile than carbon steels. Chrome steels also have a very high 
elastic ratio. In toughness, however, they are excelled by the chrome- 
nickel and chrome-vanadium steels. 

Since austenite does not readily dissolve the double carbide it is 
necessary in annealing chrome steels to soak them for several days at a 
temperature just above the critical range, which is 25 to 50° C. higher 
than for carbon steels of like carbon content, and then cool very slowly. 
J'".xcepting the diiTertTict^s in critical points, chrome steels are hardened $nd 
drawn in much the same way as carbon steels. i^Table 1 shows the intlu- 
cnce of hardening and tempering on chrome steels. \ 


TABLE 1. MECHANICAI. PROl’EKTIES OF CHROME STEELS 
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Heat treated Slainles.s Steel containing about 0.3 per cent carbon and 
13 per (;f'nt chromium well resists corrosion and is much used for cutlery. 

Steels with about 0.5 per cent of chromium and 0.00 to 0.00 per cent 
carbon are used for chipping chisels, drills, razors and saw-blades. Files 
are made from 0.5 per cent chrome steel containing about 1.5 per cent 
carloon. iStinds containing about 1.0 to 1.5 per cent chromium and 0.90 
to 1.10 per cent carbon arc used in balls and rollers for bearings, also for 
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safes and crusher jaws. Projectiles, rolls for cold-rnllinjsc metals, and 
drawing dies are made from steels containing aboid 2 per cent ehroiniiim. 

StcUitf, an alloy of ef)ball, cliromiimi and tiingstiui, though not a steel, 
comjKdes successfully with steel for tool edges, and has beiai used to advan- 
tagf‘ to surfac(‘ portions of crushing nuichiiuuw', i)low^ shares, valves, and 
othei- parts subjected to severe wavii. Siiilile nM]iiires no heat treatment 
and tools iuailt‘ of it can be run successfully at a red heat. Where it is 
d(‘siral)le to form a thui hard rnlge or surface, slellile can l)i‘ welded to 
iron 01 ' st(‘el with an oxy-acfiadiuie torcli. T1 m‘ m(*ta.l has approximately 
the sami^ el(‘clric:d and thermal ramdiietivit\ as cop|)er. It is highly 
resistant to corrosion and will take a high polisli. Thi‘ latt(‘r propertit^s 
mak(‘ it usefol for relteeting surfaces. 

732. Tungsten steel is the ohh'st of the alloy si.r'els lull is of minor im¬ 
port anee at 11 h‘ pn'simt t ime. The chi(*f usi^ nov; madi' of this ternary alloy 
is in permanent maginis, for wiiieli puj*|)ose the steii is uiu'xci llerl. Magnet 
stivis usually etuitaiii about ().(> j)er eiail. of eaj'])on anil l‘> [uvr cent of i iingsteii. 
Aiti‘r the magnets lla^a‘ lieen formed ilu‘y an? lianlened and then soaked for 
a long time id the tianjac'rature of boiling w'ater in ordei’ lo sl;LV)ilize their 
magnetic jiroperti(‘S. Steels with aiiout \\ ])i‘r cent of tungsten iiinl 1 per 
emt oi t;:ui)on lire used to some extent for latlu' tools for ra|)idly linishing 
ii'on and stiH'l parts. Sucli steels lire heal tnadial much like carbon steels. 

Tungsten sbads an‘ very complex in constitution. According to results 
which Arnold jind lleiid obtained i)y experimenting on steels containing 
0.7 pi‘r cent ciirbou, if in aimiailtMl sUu'ls the liitio of carbon to tungsten is 
1 ; lo.d th(‘se elements are united its a earbidt‘ (\V(i); if tlie cjirbtm is in 
exci‘ss of this nitio lioth carbides of iron and tungsten are presmit; if 
tuiigst,en is in excess Ihei e is no ca.rliide [)f iron, but a mixturi? of carbide of 
tungsten and tungstide of iron (Pei^W) is inesimt. When tin? tungsten 
stt‘t‘ls are heattnl to teiiip(M'aturi\s above 1000'"' ('. tin? Imvin- critical point 
is def)resseil vany markedly. This effect of tungsten on tlH‘ critical point 
A\ has a \ ery important bearing on the propiTties of the high-spc?ed steels 
of vvliicii tungsten is a part. 

|4^windi‘n’s I’eseaiches t show that tin* strraigth of 3 pfT cent tungsten 
steels increasf?s from 71,000 to Id!),000 W). per sip in. as the carbon 
content is raised from 0.2 tru O.f) per cf*iit, thi‘ per eiait elongjition in 2 in. 
falling from 2S tf) Id.5 per ciad ftir the same (?hange in composition. 
Further increase* in carbon produceil a d(‘cr(‘ase in strc'iigtli. With steels 
containing 0.8 p(*r cent, carlinn and tungsti‘n ranging up to 19 per cent 
Portevdii t obtaiiu‘d a maximum strength of 192,(KK) lb. per sep in. with 
a tungsten content of 10 per ceuif. The steel was, however, quite? brittle. 

* Pror. Inst. Engr.^ 1014, I*t. 2, p. 223. 

^ Jour. Iron and Stfid Irist., 1.007, Pt. 1, p. 204. 

J Carn\i(iLt FvUovjship Mcm.f Vol. 1, p. 2G1. 
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Botk^e strength and hardness of tungsten steels can be raised materially; 
by neat treatment. 

733. Vanadium Steel.—^Although the strength and hardness of steel 
is improved by additions of vanadium up to 1 per cent, the element is 
BO expensive that the content usually is kept much lower, running from 
0.10 to 0.20 per cent in commercial vanadium steels. Vanadium is one of 
the most powerful of the alloying elements in raising strength and hardness. 
Vanadium is also a powerful scavenger of oxygen but is too costly to use 
for such purposes. 

In low percentages, vanadium combines with both the ferrite and pearlite 
of the steel. In the latter it enters the cementite as a double carbide with 
iron and thus exerts a pronounced hardening influence. Vanadium exerts 
a more powerful effect than chromium in raising the upper critical points 
(^2 and A 3 ). Consequently vanadium steels require higher temperatures 
(30 to 40° C.) for hardening and annealing than carbon steels. Vanadium 
renders the coalescence of the pc^arlite and cementite much more sluggish 
and, therefore, promotes the formation of globular or sorbitic pearlite 
in the normally cooled steels. On account of this tendency, also common 
to the chrome steels, vanadium steels are much tougher than carbon 
steels of like strength. Vanadium also raises the temperature to which a 
steel may be heated without material loss of strength and hardness (Art- 
815-819). This latter property renders vanadium a useful alloying 
element in high-speed steels. 

. Experiments by McWilliam and Barnes * on 0.2 per cent vanadium 
steels show that the tensile strength of untreated steels varied directly 
from approximately 85,000 to 157,(K)0 lb. per sq. in. as the carbon con¬ 
tent increased from 0.09 to 0.71 per cent. The elongation in 2 in. was 
reduced from 23 por cent with 0.09 per cent carbon st(‘eLs to 9.5 per cent 
with 0.98 per cent carbon steels. When quenched from 850° C. and tem¬ 
pered at 400° C. the strength increased from 01,000 to 208,000 lb. per sq. 
in. as the carbon content was raised from 0.09 to 0.98 per cent. The duc¬ 
tility of the treated steels was reduced from 33 to 11 per cent for 
the same increase in carbon. The yield point of these steels ranged 
between 75 and 85 per cent of the ultimate strength. Carbon beyond 
1 per cent does not appear to benefit the strength of vanadium steels. ) 

Vanadium steel is used to some extent in making castings for loco¬ 
motive frames, for forgings, automobile axles, springs and l)attering tools. 
The ternary vanadium steels have been displaced very largely, however, 
by the supc?rior chrome-vanadium steels. 

734. Silicon Steels.—Owang difficulty in rolling, steels containing 

more than 5 per cent silicon are not of commercial value. The influence 
□f silicon on the inet hanical properties of steel is similar to that of carbon 
• Jour. Iron and Sird Inat., Vol. S3, p. 294. 
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but is proportionately much less powerful. Htiritield * found that the 
effect of silicon in increasing tlie strength of iiiKUinealed steel rose from 
8000 lb. per sq, in. for per cent silico!i to 27,000 11). per sq. in. for 

per cent silicon. In his experiments the elastic ratio varied lietween 
.73 and .SO and the elongation in 2 in. tlecreased from 31 to 14 per cent 
witli increasej^ silieou from 1^ to 3^ per cent.! By alloying silicon with 
pure iron, found that the strengtli was increased from 38,000 

to a[)proximately S.o,000 lb. per sq. in. as the silicon content was increased 
from 0 to 4 per cent. 

Steels witli silicon above oxidation rcquiiTments are soinetiines used 
for long si)an l>riflg(‘s, for springs and in sheets tor elecincal jiurposes. 
Strucliiral silicon steels containing carbon 0.25 to 0.35, manganese 0.G5 
to O.S5j and silicon 0.25 to 0.30 per eent exhibit tensile sirengtiis of 80,000 
to 95,000 lb./ill.-, yield jioints of 45,000 to 00,090 lb./in.-, and elongations 
of 20 to 25 per cent in 2 in. bor aiitomoliile ge:i,rs and spring" silico- 
manganese steels containing carbon 0.40 to 0.50, manganese 0.50 to 0.70, 
and silicon 1.25 to 2.00 jier cent, sifter suitable heal treatments, attaiu 
tensile strengths of 200,000 lb./in.- with elongations of 8 to 10 per cent in 
2 in. Silico-iiianganese sttads are less exjiensive thiin the chroiiie-iiickel 
or chrome-vanailium steels, but are less tough ami are suliject to decar- 
])oriiziition in heat treatiiHuit. 

On account of cheapness, low energy los,ses, and liigh iiernieability to 
magnetism, steels containing up to 4 per cent silicon with carbon ami 
manganese low are used for pole j)ieces of dyiKimus anil for transformer 
cores. 

736. Chrome-nickel steels constitute one of tlie most inqiortant classes 
of alloy steels. The j)ro])erties rendering these* steels of liigli eornmercial 
value are very high strength, elastic limit and harilness coml)ineil with 
gooil ductility, and a high degree of toughness, all of which may be secured 
l)y proper heat treatiiient. 

Tl)e most A^aluable steels of this class are those which are iinrnially 
pearlitic, those containing pearlite and ferrite (('<0.85 per cent) lieiiig 
used much inr)re than steels cordaining pearlite and carljide (('>0.85 pf^r 
cent), y'ln the corniiiercial clirome-nickel steels the composition ranges are 
about as follows; ' 
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* Jtmr. Irtm nrid SUf:l 7mf., Vol. 2, p. 212. 

\ liuU. Nn. HU, KiiRr. Expt. Sta., T'liiv. of IllinrH.s. 
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Bullens • aays that the most effective ratio of nickel to chromium is ap¬ 
proximately to 1. 

In steels of the above composition it appears that the influences of 
nickel and chromium on strength are cumulative. In comparing with 
nickel steels of like strength the quaternary alloys have greater hardness 
and higher elastic limit due to the presence of chromium; furthermore 
they are somewhat less costly. Again comparing with the chrome steels 
of equal strength, it appears that the chrome-nickel steels are less hard 
and have a somewhat lower clastic ratio but are much tougher, more 
ductile and less liable to injury through overheating then the former. 

Dullcns atutLiH that tlm nritinal range of these steels is lower than for earboii steels 
and suggests the following as a suitable method for heat treating gear stock of chrome- 
nickel Htccl: 

“ (1) Quench in oil from 175 to 200” F. over the critical range. 

“ (2) Quench in oil from about 50° F. over the critical range. 

" (3) Anneal at about 75“' F. under the critical range. 

“ (4) Machine. 

“ (5) Quench in proper medium from about 50“ F. over the range. 

“ (6) Draw the temper to suit the work in hand.” 

For shafting and axles retpiiring a toughening treatment the above set of operations 
may be abridged by following ofienitions (1) and (2) with a drawing treatment at 900° F. 

The effects of drawing temperature on the mechanical properties of a 
low-carbon low-chrome-nickel and a medium-carbon low-chrorne-nickel 
steel are shown in h'ig. 5. j The str(uigth ami ductility of steels containing 
larger percentages of chromium ami nickel are practically the same as 
those of low-chrome-nickel provided the carbon content is constant. 
Bullens claims, liowever, that the dynamic ami cmliiraiice properties of 
the high-chrorn e-nick el steels after heat treatment are materially superior 
to those of the low-chrorne-nickel varieties. 

Chrome-nickel steels are much used for automoldie shafts and gears, 
also for large axles and shafts. Kails and track Ijolts made f)f stiad 
sinelti'd from the Mayari ores of Cuba, whiidi contain enough of the ele¬ 
ments to form a low-chronie-nickel steel, haA'e given very good service. 

On account of the very fine case which these steels will take and the 
great toughness of the liigli-chrome-nick(‘l they Inu e been considerably 
used for heavy armor plate. With suitaV)le heat treatineni, tiiese steeds 
arc also used for medium armor plate, for protective decks ami projectiles. 
For armor plate ami projectiles a tenth of a per cent of vanadium is often 
introduced into the chrome-nickel steel. 

736. Chrome-vanadium and Chrome-molybdenum Steels.—Chrome- 
vanadiuin steels have acquired extensive reiMignition on account of 
their excellent mechanical properties, uniformity in structure, simplicity 
* ? und Its Ilvat Treatmentj p. 308. 
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with which they can be heat treated, ease of machining and soundness 
of the cast metal. The (‘oinposition, of cliroine-vanailiuin steels used 
for structural i)uri)()ses generally varies between the following limits: 
carbon, 0.20 to 1.0; 
chroiiiiuni, 0.75 to 
1-25; vaiuulium, 0.12 
to 0.25; inaiigaiu'se 
0.40 to 0.75 per cent, 
witli .silicon, plios- 
phorus and sul|)liur 
low. Tor many 
siruetural ptir])oses 
the carbon is field 
liel wefvn 0.20 ainl 
O.rlO, ehrornium luair 
1.0, ami vanadium 
about 0.15 jier cent. 

ddie low elirome- 
molybdenum si eels 
containing cli ro- 
iniuirb 0.5 (o 1.0, 
molybdenum, 0.2 to 
0.5, and carlioii 0.25 
ti) 0.55 jier cent, 
when j)ro])erly heat 
treatfMl, exhiliil liigii 
1 0 ugh 11 ess, dejit ii 
harilness, ami ma- 
chinaliili ly. bhey 
also show Ifiw ereej) 
at higli tem|jera- 
Uires. I'se is made 
in airiilane tubing 
and automobile 
jiarts. 

Both these tern¬ 
ary alloy sti'els have 
higher critical ranges 



Fn;. 5. 'riu* BfTri t of Dniwiiig 'tfinpi nitiin* un the iStreiigth, 
Durlilily anil Hanlinvs.-; nC Ulirijiiu'-Nii'kcl Steels. 

air uvniaci' miniiiiiiiii, r*rr|iliiiK lifir ilnrs.H vriliirs whinh are 
avn.'ua-, ■jjjj’lyiiiu tij umiiil sjirriinrn:-! i In 1 i in. iii iliiiiiiBtrr. Nu. 3120 
wcrr In l.'iS.O njj."i^ F., .No. .'1I4IJ In liS.’i F’., for 1 .‘j Lo .30 

mil!., fnii'iir-iii'fl in oil, rrliraO-il fr^r 30 iriin. !i( tiMii|)i;r;il urnn indiRaled, 
anrl air r-oolr.Ml. ! F'roin .Atlopl nl Rrporl. of Sl and.-ii d.H I'ninniittee of 
Sml'. of -Aaiomotivi; Faigr. Set Truu.:. \ ul. IJ, jj. IS 20.) 


on heating and lower on cooling than the common steels of like carbon 
contents. Both tyiies have high strength and hardness at relatively high 
temperatures. The steels containing molybdenum appear to be somewhat 
sujierior for use in thick heat-treated parts where depth hardening is of 
importance. 
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The excellent strengthi hardness, and ductility of certain chrome- 
vanadium steels after different tempering treatments are typified by the 
results plotted in Fig. 6. The test-pieces used by Griffiths in the.se experi¬ 
ments were \ in. in diameter over the standard 2-in. gage length with a 
total length of 18 in. With larger sections the strengths and hardness of 
steels of like compositions would be less and the ductilities greater. 

Untreated chrome-vanadium steels are sometimes used for castings 
and sliafting. For automolhle springs and gears the steels are quenched 
and drawn. Chrome-vanadium steels may be readily case hardened, taking 
a glassy hard surface with a very fine-grained tough core. This property 
renders them valuable for dies and bearing raceways. 



Fio. 6.— Thp J'fl’cM.'t of DrawiiiK ToinpiTatiiro on tho Stri'iiglh, Duntilily anrl TTanl- 
iioSvS of CliroiiiL'-VanaLliuiu Stools. (Clrifliths, Pn»f. A. S. T. M., Vol. 17, j). 37.) 


737- High-Speed Steels.— One of the greatest advances in promoting 
rapid machining of metal parts has c<)nie about within the past forty 
years through tlie introduction of steels lor tools which can cut four or five 
times as rapidly as tlie simple carbon steels. Most of these steels can be 
run at a red heat without losing their hardness. In fact, many work to 
best advantage only when run at high temperatures and high speetls. 

Most high-speeil steels contain from 15 to 20 per cent of tungsten, 
3 to 5 per cent of chromium, 0.5 to 2.0 per cent of vanadium, 0.60 to 0.80 
per cent of carbon with silicon, sulphur, and phosphorus running low. 
1.8818 at Watertown Arsenal indicate that high-speed steels of lower cost 
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suitable for certain t 3 "pes of use can be made by replacing tungsten in the 
above anah-sis witli 9 or 10 per cent of molybLl'LUiuin. Cobalt, because 
of its hardening effect at red heat, is also added to high-spcinl steels, usuall}^ 
in amounts from 3 to 5 per cent. Althougli the critical points and the 
changes iji constitiition which the high-speed steels uiulergo in heat treat¬ 
ment is still largely a matter for further research to settle, there appears 
to be evidence,* however, that at temperatures near the melting-point 
the carbon is in enndnnation with the tungsten and chromium ms a double 
carbide ol these elements, hut if the steel is slowly cooled the carhon com¬ 
bines with the iron at lower temperatures. What changes in constitution 
are effected by the introduction of vanadium is not known. It beems 
likely that it also lorms carbides like chromium and tungsten. 

By cooling these steels rapidly fix)m a temix^ratiire near the melting- 
point, approxiniatelj^ 1250° C., dow’n to a tempernture below tlie ordinary 
critical range of tlie carbon steels, it is possible to retain the carbon in 
combination with the tungsten aiul chromiuiii and to prevent the forma¬ 
tion of tlie carbide of iron. Since these carbides impart great hardness 
and are very stable for all ranges of temperature up to a red lieat, it follows 
that steels in wiiieh they are the essential r’ompnnents will retain their 
hardness at mucli higher heats than carbon steels in which hardness is 
conferred by the unstatde carbide of iron. 

The heat treatment generally given high-speed lathe and planer tools 
eorisists in heating to incipient fusion in a non-oxidizing atmospht*re and 
quenching in an oil batli. For milling cutters and tools of accurate form, 
the quenching lempt'rMture is made slightl^^ less to avoid injury to the 
shape of the tool. AVhere (ainsiderablo Loughness must l)e imparted, tools 
an' quenched in molten lead and air cooled, or reheated in molten lead 
after nil fiiicnching ami air cooled. High-speed steels ma,y be annealed 
l)y sf);Lking for a long timr* at a temperature just above the critical range 
1)1' carlxjii slerds. So treated ilwy possr'ss high strength ami g()orl ductility. 

Aside fioiii tools, high-speed steels are also used in parts which must 
withstand high beat, and wear, as in tlie exhaust valves of gas engines, 
and in dies tlirough wdiich brass is extruded. 

Tungsten carbide has also been developed, trade names—Carboloy, 
Widia, and Dimondite - to form the cutting edges of tools operating at 
high speeds (see Mcrh. Engr., Vol. 51, p. 590). Though very costly, tests 
indicat(‘ that thf‘S(‘ tools ma_y be efficiontb^ used at high speeds for small 
cuts on low-tensil(‘ strt'ngth materials like malleable and cast iron. Under 
such conditions tool edges made of this allo}" wear two to four times as 
long grind as otlu^r tools. Brittleness militates against its u.se for 
rough turning or w’here the tool is subjected to pronounced vibration. 

* Carj^enter, H. C. H. in Jour. Iron and Steel Inst., 1905, Pt. 1, p. 433; also Edwards, 
C. A., in Jour. Iron and Steel Inst., 1908, Pt. 2, p. 104. 



CHAPTER XXV 


CAST IRON ANJ) MALLEABLE CAST IRON 
CAST IRON 

730. Importance of Cast Iron. —On arcoiint of ohoapness, strength, ease 
with which it niay Ix' nielled and oast into more or loss intricate shapes, 
ease of machining, and ease with which its harfiin'ss may he varied, cast 
iron is the most-used of the r‘ast metals employed in engineering construc¬ 
tions and ma^;hin^^s. It is v(Ty extensivcdy fahricated into wat(‘r-pipes, 
cylinders, car-wheels, agricultural machinery, stoves, hardware, machine 
frames, lied ])lates, and column bases; and to a lesser extent for columns, 
grate bars, ornamental castings, i)ipe fittings, and agricultural implements. 
Furthcjr uses are indicat cmI in Table L Wliere toughni‘Ss is necessary 
cast iron is displaraal by the more expensive malhaible cast iron or by the 
still more costly cast stt'cl. Again in constructions whcuc' the iTietal must 
withstand corrosion, l)rass(‘s, bronzes and other alloys, all of which are 
very much more exj)ensivi? than cast iron, displace it. 

As an indication of the* grc'at use? of cast iron, wa^ note that about 
one-fifth of the [lig-iron annually made in the United States is remelttui and 
made into cast iron. J<Voni this pig iron and about a million tons of scrap 
approximately seven million tons of gray-iron castings are produced. 

Manufacture of Cast Iron 

739. Remelting of Pig Iron.—Although pig iron from the Idast furnace 
is sometimes molded into final form, most {)f the pig ii on used for castings 
is remelted before being molded into final shape. Remelting is necessi¬ 
tated by the variability in the ])ig iron run from a given fiunace, by 
the diffiindty of adjusting the eomposition of the molten iron, and by 
the neeessity of mixing ililferent grailes of pig iron in order to secure 
the desired grades of castings. 

Most of tlie fu’dinary gray iron used in machine parts is remelted 
in the eupola, the blotter grad(‘s of gray iron—ofli'ii failed gun iron—and 
the white iroTi used in making malleal)le cast iron arc gcnej ally reirelti'd 
in the air-furnace. Some ust^ has also been made of small o))en-hearth 
furnaces and consitlerable use of electric furnaces to renielt pig iron for 
high-grade cast iron and malleable cast iron. 

6SS 
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The function of the remelting furnace is simply to produce homogeneit}'^ 
in the charge which has been proportioned with rch'nniee to tlie use of the 
product, ('hanges betAveen the average conijK)sition of (lie metal cliarged 
and that of the castings are, in general, small although sometimes impor¬ 
tant. 

740. Materials Charged.—(^onijxisitions of the pig irons commonly used 
in smelting cast iron are given in Art. 582. In many parts of the country 
the chemical analysis of the pig iron ser\'es as nu'ans of grading it and 
purchase is made on this basis. (Jenerally the silicon content is speci- 
fieil and the sulphur limit prescribed. Some foundrymen still rel}’ on the 
character of fracture exhibited by the pig iron as a criterion of composition. 
Spc^cial pig irons containing high percentages of silicon, the Scotch iroiKS 
and ferro-silicons, are soinetiines added to soften the iron; wliihi others 
containing high percituitages of manganese, ferroiruinganese, for example, 
arii used as hardeners. 


Besides pig iron, from a tenth to a half of the metal charged con¬ 
sists of the refuse from previous heats and whatcA'cr old machinery oi 


jiarts of cast iron tlu‘ foundrviiKMi can 
purchase. All of tliis heterogeneous mass 
is termed scrap. On acftount of variability 
in its composition tlie proportion of scrap 
is generally h^ss than 25 pta* eiuit of the 
metal charged when the best grades of 
castings arc lieing made. 

("oke is tin^ find most commonly used 
in the cupola, bituminous coal in the 
air-furnace. Under favoratde conditirjiis 
with large furnaces the ratio of fuel to iron 
is about 1 : 8 or 1 : 10 for the cupola arnl 
1 : 4 for the air-furnace. 

A flux consisting of crusfn‘d limestone 
or other form of lime carbonate is some¬ 
times arhli;d in v(Ty sjiiall amounts t^o slag 
off the cMirthy impurities and reduce the 
sulphur content of the cast iron. 

741. The cupola is a sort of small 
blast furnace. It consists of a vertical 
cylindrical steel .shell of nearly uniform 
diameter lined with fire-brick. Fig. 1 



shows an elevation of a cupola. At 
the bottom is placed the hearth or 


Fitj. 1."-Ciipnla. 


crucible which extends upward a short distance to the level of the 


tuyeres. At the bottom of the hearth is located the taphole and opposite 
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to it several inches above the bottom is the slaf?-hole. The tuyeres are 
placed in one or two circiirnhaontial rows. Air at a pressure of 1 lb. 
per square inch or less js serveil to the tuyeres tliroiigh the wind box 
which surrounds the hf;arlh. Above the tuyeres is the melting zone 
which is surmountf^d by ihv sback, a door foj‘ charging being placed in 
the latter. (Jupolas vaiy in internal diameter up to 10 ft. The common 
sizes are from 4 to 0 ft. in diameter with their charging doors 12 to 25 
ft. above the hearth bottom. Cupolas of tliese sizes will run from 10 
to 20 tons of metal pei- hour. 

In operating a cupr)la, kinrlling is first placed on the hearth and a 
thick layer of cokr^ on top of ii-. Alternate layers of pig iron mixed with 
scrap and layers of fuel are then dumped in until the stack is filled to the 
level of the cliarging rioor. If flux is used it is charged immediately after 
each layer of metal. Aft(^r the fire has b(M*n kindled and the bed of find 
well ignited tlie blast is turned on, and in al>oid ten minutes molten iron 
trickles from the tap-holi‘. T\w tap-hole, is tluai closiul with a plug of 
fire-clay. As thi^ slag accumulates it runs off through the slag-hole and 
from time to time iiie iron is tapped into a large ladle. Ordinarily a 
cupola is charged and discharged senaaal times a day, but at some plants 
they are run ranitiiuiously for si^veral days. The necessity of repairing 
the lining at frequeJit intervals prohibits long runs. 

During the melting process a small amount of iron and 0.2 to 0.3 
per cent of silicon is oxidized, while 0.05 to 0.10 per rent of sulphur and, 
under certain condilioiis, a little ca.ii)oii is al>sorbed from tlie fuel. 

742. The air-fumace is somewhat like the pmltlling furnace used in 
making wrought iron, but larger in size (Fig. 2). At one end it is provided 



with a fire-box and at the other a stack; between is a shallow rectangular 
lieai th, served by a tluor in the side. Separating the hearth and the fire¬ 
box is a low vertical wall called the fire-bridge. The opposite end of the 
hearth is formed by the flue-britlge which rises to the same height as 
the fire-V)ridge. Air-furnaces range in capacity from 5 to 40 tons. 

Before the charge is introduced into the furnace the bottom of the 
hearth is covered Avith an even layer of sand; then the scrap and pig iron are 
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placed upon it. The furnace door is sealed with clay and the fire started. 
Melting: of the iron is aceoniplished principally ihrciigh radiation from tlie 
sloping roof and, in part, Ihrougli the heat of (he hot gases which sweep 
ov(M' tlie hearth. Dining the melting process the hath is rahl)led occa¬ 
sionally with iron hill's to promote uniformity in melting and in comjx)sition. 
If much slag forms on the bath it is partially skimmed off to raise the 
temperature ami promote oxidation of the carbon and silicon. In order 
that the top metal, which is the hottest, may \yc run from the furnace, 
tapping IS done through a set of hole's placed at different elevations in 
the hearth. The usual rate of producing iron with the air-furnace is 
3 to 4 tons per hour. 

743. Comparison of Cupola and Air-fumace Processes.—'Ida* cupola 
process is quicker, cheaper in inslaliation and in ofM'ration; iiie metal is 
hotter and more uniform in tenq)eratiire~ condiiiinis whicli mi'an much in 
casting; the loss of meta! tlirough oxidation is also li'ss than in the air- 
furnace. On tlu' other hand tiu' aii-furnace pioduees a larger quantity 
of high-giaue iioii at a single tapping. Tlie im^tal m the air-furnace not 
being in contact with the fuel absorbs iieithtT .sulphur nor carbon. The 
air-furnace process is under l)etter contjol and ix'nnits better regulation 
in the composition of the iron. In neillier proce.ss, however, has there 
been a successful attempt at utilization of the latent heat in the escaping 
gases. 


Moldino 

744. Patterns of the r\'istings are made eit her of wood coated with shellac 
or metal. Wood is largely aseil when only a h'W castings are desired. 
When the numl)er of ca.stings is to be great , it is preh'ralile to use a l)raHH 
pattern and thus avoid inqjerfections likely to Ix' fouml in th(‘- castings 
due to damaging of wooiliai patterns. If a numl)(‘r of castings of similar 
shape' are to be made it is customary to join sevravil fiatt-taais in such way 
that they may lie jioiireil .simultaiieou.sly. Such patterns are. said to Xm 
gated. Patteiris are always made larger than the casting to allow for 
contraction in cooling. For ordinary gray cast iron an allow^ance of an 
eighth-inch per foot is a common rule. White cast iron and steel shrink 
double this amount; l)rass and copfier a))out 50 cent more and lead 
and zinc two and oiie-lialf time.s as much as gray cast iron. The funda¬ 
mental considerations in de.signing a pattern are: (1) make the pattern 
of such shape that it may be removed from the sand without damaging 
the mold, if of intricate shafx* it may be necessary to make the pattern 
in two or more parts; (2) use fillets of large radius at all sharp angles 
and corners and thus avoid planes of w^eakness arising from the crystalliza' 
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tion of the metal; * (3) avoid joining heavy and light sections wherever 
possible, since these parts, cooling at unequal rates, will be highly stressed 
at their junction (if such design is necessary some provision should be 
made for rapidly cooling the heavy section); (4) when possible avoid 
shapes where the ends of the casting will be rigidly held by the mold and 
contraction stresses or checking thus produced in the intermediate parts 
of the casting. 

746. Cores. —When it is necessary to make a hollow casting some sort 
of core is used. This is located in proper place in the mold by pro¬ 
jecting fins which rest in core prints that are made by corresponding pro¬ 
jections of the pattern. If the core is of such size or shape that it cannot 
be held in place by core prints, iron supports called chaplets are placed 
in the mold. (Generally cores must be so mad(' that they will offer little 
resistance to shrinkage of the metal and will not burn on to the iron. 
They are commonly molded of dry sand mixed with flour, molasses, lin¬ 
seed oil or patented compound and baked in an oven. Sometimes green 
sand cores are used. When it is particularly necessary to avoid all stress¬ 
ing of the casting, cores are made with centtTS of crushed coke or of pipe 
wound with hay rojK^, the outside being of sand. Cores arc vented to 
permit the escape of gases generated in pouring. 

746. Materials for Molds.—Not only must the material composing the 
mold retain the m(;tal and give it a smoolh and true surface but it must 
also be sufficiently porous to allow the escape of air and gas. Sand is 
the most refractory cheap material for this purpose. A good molding 
sand generally (a)ntains not Itvss than 80 per cc'nt silica and 5 to 10 per rrnt 
of alumina. Th(^ higher the; tejnperatiire of the molten metal, the more 
refractory must the saiul be. Consiuivuiiitly the silica content must be 
higher for steid than for cast-iron castings. Some alumina, however, 
is needed to furnish requisite cohesiveness in the sand. Small proportions 
□f magnesia, lime and iron oxide are usually present also in molding sands. 
More than 2 or 3 per cent of the carbonates is objectionalile owing to 
the gas formed in c,alcination of them, while metallic oxides render the 
sand less refractory. Another important factor which affects the cohesive- 
ness and the porosity of molding sand is the gradation in sizes of particles. 
The smoothness of the surface of the casting is also affected by the fine¬ 
ness of the sand grains. Therefore, molding sand is generally screened 
through a 2()-mesh sieve, the gradation in sizes below that opening being 
determined by the work in hand. 

• When a metal cools the crystals form perpendicularly to the surfaces. If a corner 
:i left sharp there will be a plane of separation between crystals bisectiiiR the angle at 
ho corner. Since the cohesion across these planes is less than in the crystals, a pro¬ 
nounced weakness is thus prorluced. Fig. 3 shows such planes for a square bar. By 
- ounding the corners interlocking of the crystals is promoted and a stronger, more 
.omogencous casting is obtained. 
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Parting sand is a high] 5 '^ refractorj^ sand which cannot be rendered 
cohesive by tlie addition of water. 

Facing luaterials are shaken over the pattern or surface of the mold 
to prevent the sand from luang burnt and to make the castings leave 
the molt) freely, thus preserving a bright surface and avoiding expense 
in cleaning. Fine soft coal, graphite, charcoal and tide are among the 
substances which are mixed with six to fifteen times as much fine mold¬ 
ing sand to make facings. 

Loam is the name for a soil carrying a high conient of silicious sand^ 
considerable clay and moi e or less di‘cayed Aa^getal^le and animal matter. 
The term is also used to dc'sigiiate artificial mixturt's made f)f vStind and clay 
wnth some sawdust or ryt' meal. 

747. Molds.—The kind of castings and the numbt r, size and shape 
deterininc llit‘ cliaracler of the molds. The coTnmon types of molds 
are green-sand, dry-sand and loam molds. Besides tliese. cast-iron molds 
are considerably used when a permanent type of mold is ilesired. 

Girvn-sand Moldn. Tlie pattern is surrounded r)y a. flask of wood, 
or cast iron which serves to hold the sanii in place. Geni'rally the flask 
consists of two, sometimes three or more, rectangular frames of erjiial size 
which may be tloweled or locked together to form a bf)tt.ondess box. 
In molding inan^^ simple objects, half of the pattern is bedded in the lower 
fraimt, called 1h(‘ drag, and tlic‘ otlier half is co\'er(Ml by the upper part 
of the flask, called the co])C. The proc(ahiri‘ is to pl:u‘e the drag on a 
mold l)oar(l Ijottoni-side iij) wiih the pattern or |)oriion of the pattern 
resting on the juold l)oajd. Mobling sand moistlauMi with sufficient 
watiT to render it colierent is ranmif/il abouf the i)a1terii and several 
small v(‘nt holes are puncla'd tlirougli to tli(‘ paittaai. A bottom board 
is put over the drag and tin* drag is turned over. The, remainiler of the 
pattern is insertiMl ami a bit of parting saml is sifttMl over tlie top of the 
drag, the pattei ii b(‘ing kept clean. jSh'xl, tln^ cope is ymt in jilaci' and plugs 
for the runner *aMd riser * are propeily locattal. Molding sand is tainpK^d 
about the pattern and vemts providcal. Tlu? pings an‘ then withdrawn, 
the cope carefully lifted and gates frojn plugs to pal tern are cut. A draw 
spike is attached to the patt(*rn, and tapped until the pattern can be 
removed. Afb r the loose sand has been removed a facing may lie smeared 
on the surfaces of the mold; the cope is then placed on top of the drag 
and locked in position for pouring. 

Grccn-saiul molds are much used, e.specially for articles of like 
shape, because they can be rapidly made at low cost. When there is 

* A runner is tlm through which the molten metal is poured. It is provided 

with a basin at the top anrl a hole at the bottom ronneeting with the mold called a 
gate. A riser is a vertical canal leading from the mold to the top of the cope. It BervcF 
tr v?nt the mold, supply metal as the n.a.sting cools, and to carry off dirt. 
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a large demand for a certain type of casting, molding machines are 
frequently used. 

Dry-sand molds are fashioned in iron flasks in much the same way 
as those of green sand. A rather coarse loamy sand is used and the molds 
are dried at 300 to 400° F. After baking, the surface of the mold is 
generally'' coated with a wet mixture of graphite, or charcoal with clay. 
Such molds are strong, will withstand hard usage, and, if properly vented, 
produce sound smooth castings. Dry-sand molds are well adapted for 
the production of cylinders, rolls, engine beds and other heavy castings 
where the pressure of the metal is great, or where a smooth wall of uniform 
thickness must 1)0 obtainx'd 

Dry-sand molds arc; likely to be somewhat distorted during drying 
and cause heavier shrinkage stresses in castings than do green-sand 
molds. On the other hand, castings made in dry-sand molds are more 
Bound, smoother, and freer from inclusions of sand and dirt than those 
cast in grc‘en sand. 

Loam wolds are used principally for very large castings which are 
bounded by surfaces of revolution. Castings of heavy engine cylinders 
and fly-wheels arii generally made in loam molds. The out(a' casing of 
the mold is ordinarily built of brick, sometimes of iron. To the interior 
of this casing dampened mixtures of loam are plastered. The surface of 
the mold is geru'rated l)y revolving a sw(*ep, the end of which is fashioned 
in conformity with tlie surface desired for the casting. The mold is then 
baked and facx'd. OAving to the rigidity of loam molds, provision is 
made during th(^ fal)rication to jKU’init rapirl d(\struction of certain parts 
immediat(‘ly after the casting is poured in order that the latter may 
contract freely. 

740. Chills.—Surfaces of castings which are subjected to heavy wear are 
made hiinl by rapidly cooling thxan in chills. Cliills consist of pieces of 
cast iron which form the surface of the mold in contact with the part of 
the casting to l)e hardened. Sticking of the iron to the chills is prevented 
by coating the latter Avith sliellac and plumbago or xvith a thin film of 
light oil. To avoid I'xplosions resulting from contact betAveen the molten 
metal and the chill, it is necessary to heat the latter to 300 or 400° F. 
before pouring. The treads of car Avheels and the bearing surfaces of 
rolls are cast against chills. Changes in composition due to chilling arc 
explained in Art. 751. Fig. 3 shows the effect of chilling on structure. 
The depth in inches of Avhite iron produced by chilling is termed chill. 

749. Cleaning Castings.—Flasks are removed as soon as the castings 
have solidified, V)ut the pieces are generally allowed to remain in the sand 
until cool. Saiui and dirt adhering to the surfaces of the castings are re¬ 
moved by rattling, by piekling in acid or by sand blasting. Rattling is done 
in a device similar to that used in testing the toughness of paving brick. 



IRON 


595 


It can onl}^ be successfully employed on sturdy regular-shaped pieces, 
llattling also produces a hard skin on tlie castings. Pickling is 
used on fragile or intricate castings and on pieces which must lie 



Ca) Sand-mold, not Chilled. (t) Cliillod on One Side, 



(c) Chilled on Four Sides. (d) Chilled on Oppoaiic Sides. 

jTjq 3—Showing the P'JTent of ChillinR on Car-wheel Iron. [Jour. Frank. InM., April, 

1897.) 

machined. Dilute solutions of hydrochloric or sulphuric acid are often 
used for pickling, but they attack the iron. Hydrofluoric acid in a 5 
per cent solution is more efficacious since it attacks the sand. Sand blast¬ 
ing is an effective means of cleaning heavy work. 
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Composition and Constitution 

760. The PrincipEil Constituents. —Cast iron is really unrefined steel 
contaminated with larger proportions of impurities. As in the carbon 
steels^ the five main impurities in cast iron are carbon^ silicon, sulphur, 
phosphorus and manganese. They constitute from 5 to 8 per cent of cast 
iron, by weight. In addition to these elements, in making alloy cast irons 
one or more of the following elements is added—nickel, chromium, molyb¬ 
denum, vanadium, titanium, and copper. 

Since the properties of cast iron are dependent principally upon 
the proportion of the different impurities and the combinations which they 
form in the iron, the influence of each of the essential constituents will be 
considered. Owing to the variety of forms and combinations in which 
carbon is found in cast iron (see Art. 659 and 662), the influence of this 
element is of the most importance in determining the properties and 
the value of the iron. Thus we find three main types of cast iron— 
gray, white, and mottled iron—which owe their characteristics and prop¬ 
erties to variations in the form of carbon content. 

76L Carbon in Cast Iron.—The proportion of carbon in cast iron gen¬ 
erally lies between 2\ and 4 per cent by weight. ('arl)f)n, as has been shown 
in Art. 662, occurs in two forms—eitlier free as graphite, or chemically 
combined with the iron as iron carbide (Fe 3 C). When free, the prof)ortion 
of the volume of the metal occupied by the graphite, due to its specific 
gravity being much less than that of iron, is about 3.2 times as much as 
the percentage by weight. Therefore the spaces occupied by the flakes 
of graphite aggregate 8 to 13 per cent of the bulk of the iron. Wlien the 
Carbon is combined with the iron the proportionate bulk of the iron car¬ 
bide is still greater, being over fifteen times the percentage of combined 
carbon. 

The amount of carbon which the molten iron will retain in solidifying 
is dependent upon the composition of the iron. Again the proportion of 
the carbon which is retained in combined form is influenced greatly by 
the presence of other elements and by the rate of cooling. Thus by adding 
manganese or chromium the solubility of carbon in iron is increased and 
much of it is combined with the iron. On the other hand, additions of 
silicon or aluminum reduce the solubility of caihon in iron and promote 
the formation of graphite. Rapid cooling tends to cause combined 
carbon, slow cooling furthers increase in graphite. When the composition 
is properly adjusted it is possible to retain the carbon as carbide of iron 
by rapid cooling or to precipitate it bj^ slow cooling. 

If in cooling the carbon is largely precipitated, more or less uniformly 
in the form of graphite flakes, the iron is soft and presents a dull gray 
fracture which is brightened here and there by glistening iron crystals. 
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This is gray cast iron. When the carbon is retained in combined form, 
the cftst irvoii is very hard and brittle; and the silvery white fracture has 
led to the name, white cast iron, in some irons the major ix)rtion of the 
carbon is retained in the combined form while a lesser part is precipitated 
as graphite. Such irons exhibit a white fracture spotted with dark 



(a) (I'ray fiisl Irrjn with fiiiply (livided (cniplutD 
mure or lesa i^lubuliir in funii (X-’iD). tAston.) 



(c) Whitp Cast Ir[)ii. The white coiislitiient 
i8 I’pnifnlilp anti lliP dark mic in peailitr 
tX lOD). (Stoify.) 





(rf) White Ciiat Iron under hiKher inaKinfiration (XMIO); 
Hhnwiur lamellar pearlile fhanrlrvl Htnu-turt:), flaked 
id Kraphite, ami I'errieiitiI e. (WilHt.) 


I'k;. 4.—IMiDtumii roKraphs of Gray anil Whiiu Cast Irons. 

gray patches and are termed mottled cast irons. Photo-micrographs 
of gray and white cast irons apfx^ar in Fig. 4. 

From the foregoing it follow\s that irons containing large amounts 
of manganese or chromium arc likely to be permanently white while those 
having a high silicon content are gray. With proper adjustment in com¬ 
position, cast iron may be reiidenid white by cooling rapidly or gray by 
cooling slowly from the molten state. 
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The proportion of carbon and its form influence more or less most 
of the physical and mechanical properties of cast iron. The melting 
temperature is reduced as the carbon content or the percentage of com¬ 
bined carbon is increased.* Therefore white cast iron has a lower melting- 
point than gray iron, but it is less fluid when molten. Shrinkage varies 
inversely as the carbon content, but white iron shrinks nearly twice as 
much as gray iron. The specific weight of gray iron increases with the 
decrease in carbon content and varies from 425 to 450 lb. per cubic foot. 
White cast iron is heavier than gray due to the chemical combination 
of the carbon and weighs in the vicinity of 475 lb. per cubic foot. 

The influence of the proportion of combined carbon on the consti¬ 
tution and mechanical properties of cast iron containing 4 per cent of 
carbon is idealized in Howe’s diagram in Fig. 5.t Other factors constant, 
the tenacity of the whole varies with the proportion of pearlite in the 
matrix and is a maximum, as in normally cooled steels, when the matrix 
contains 1.2 per cent carbon. The hardness varies with the proportion of 
cemejitite in the matrix. The diagram also shows the influence of com¬ 
bined carbon on machining iiualities, properties, and general uses of cast 
iron. Irons with carbon contents of 2.75 to 3.25 per cent are preferred to 
the one illustrated because the weakening influence of Lhe graphite is less, 
the strengthening effect of the matrix greater, and the castings can be made 
more sound and free from defects. 

Mechanical properties of cast irons are affected not only by the pro¬ 
portion of graphite but also by the size and dispersion of the flakes. The 
tenacity and toughness of cast irons containing fine, rounded, graphite 
particles uniformly dispersed, Fig. 4a, are superior to the same properties 
for similar irons with coarse flakes, Fig. 46. Hence melting at high tem¬ 
peratures (above 1500° C.), which is attended by obliteration of existing 
non-metallic nuclei, effectively reduces the size of flakes and thus pro¬ 
motes superior mechanical properties. 

762. Silicon in Cast Iron. —Next to carbon, silicon exercises the most 
important influence on the properties of cast iron. It comlhnes with the 
iron, forming iron silicide, which in turn is dissolved in the ferrite. The 
proportion of silicon in cast iron usually runs between 0.5 and 3.0 per 
cent, although certain special castings for acid containers are made with 
a much higher silicon content. Silicon in small percentages increases the 
fluidity of the molten iron, decreases blow-holes and increases the density 
of castings. Silicon also reduces the solubility of carbon in iron. Accord¬ 
ing to Wust and Peterson, each percentage of silicon throws out of solution 
0.27 per cent carbon, consequently by decomposing the hard cementite, 

* Porter in Trnm. Am. Foiindri/men\H A Vol. 19, p. 11.1, melting tempera¬ 

ture in /''' = 2175 —62.5f\ where (’ = per cent combined carbon (leaa than 3.5). 

i Proc. A.S.T.M., Vol. 2, p. 252. 
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it acts as a softener and also decreases shriiikap;('. lUnA’evor, when pres¬ 
ent in excess of the amount required to decompose eementite, the direct 
hardening influence of iron silieide becomes noticeahle; and with 5 or 
6 pt‘r cent of silicon tlie iron is liaril and has a mirror-like fracture. In 
short, by varyin|i; the silicon content the foundrAonan exercises a most 
imiAortaiit control oA’er a Avidt‘ ranp:e in the properties of cjist iron. 

The combined influence of farbon and silicon upon the strueture of 
cast iron is wrdl illustrated in Fi^. C.* The manganese in all of the. test 
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Fig. Tj.— InHui'iiiic of Carbou on Coostil iilioii miuI Prijj)(‘rlics uf ('/i.st Irori. (Howe.) 

heats raiifiital from 0.20 to O.ilo; sulphur averaj^ed idiout O.OG and phos¬ 
phorus from O.Fl to 0.18 pei* eerd. ( ‘ylindrical sj)ecimens 2 in. in diameter 
and 12 in. Ions l)nured in ^!;recn-sMnd molds with proper regard for 
disturbing iidiueru*es due to varia.tioji.s in pouring tianperatures. They 
were cooled in the molds tAvo hours before* qin'iiehing in water. In the 
diagram, the line G-<t represents limiting eornhinjitions of silicon and car¬ 
bon at which the test-pieces Avere gray. The line M- M sIioaa^s the varying 
combinations of carbon and silicon proeliicing a mottled fracture, while 
the line IF-TF repr(*sents the boundary for white fractures. For smaller 
* G. M. Thrasher in Met. and Chmn. Engr., VdI. 13, p. 40. 
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test-pieces or for more rapid rates of coolinp; these lines would be shifted 

upward to the left; for 
larger test-pieces or for 
slower cooling the lines 
would displaced towaril 
the lower riglit corner of 
the diagram. 

The influence of siliet)n 
on the mechanical proper¬ 
ties of iions containing 
about 2 per (‘('iit total 
carbon is well sliown l)y 
J'"ig. 7. These exi^eriments 
were very carefully made 
on specially pri'paretl irons 
under the direct ion of Thos. 
Turner, Associat(' of Jioyal Scliool of Mines, England. The liardness 
tests were made liy a scleroinet(‘r, the wiaght necessary to pioduce a 
scratch of given width with 
a standard diamond point 
being th(‘. criterion of relative 
hardness. Fig. 7 shows that 
maximum hardness and 
crushing strength obtained 
when the castings wei e ren¬ 
dered sound and the |)er cent 
graphite was a minimum, 
per cent silicon being abovit 
0.80 per cent, for the iron 
test(‘d. h'iirtli(‘r increase in 
silicon to 1 pia* cent produced 
maximum stillness, wlnui in¬ 
creased to 1.4 per cent maxi¬ 
mum transverse strength 
resulted, at l.S per cent the 
greatest tensile strength ob¬ 
tained, and at 2.5 per cent 
silicon the maximum soft¬ 
ness. Increasing the silicon 
beyond 2.5 per cent caused 
an increase in hardness and 
brittleness. 

The very important influence of silicon in reducing shrinkage is well 



Fill. 7.—liilhiniiiu^ nf Silicon on Mechaniiiil Prop- 
[•rties of Cast Iron. Sperimpns were Ij in. in 
diameter and were tested with skin on. (From 
Turner’s Iron.) 



Fin. ti.—11 elation of C'arimn anil .Silicon Contents 
to Stnii'iiiri; of (?a.st Iron under Normal Cooling. 
(Thrasher.) 
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brought out in Fig. 8, showing results of W. J. Keep. From other data 
by Keep, Fig. [), which shows the varuition in transverse strength for 
different sizes of burs and different silicon contents, has been prepared. 
The data ernphasizt^ the necessity of testing bars ui the same thickness 
as the finislied casting, if a knowledge of the strength of the metal in the 
casting is wanted. 


Diameter of Squarr Bar In Inches 




Fir;, S. Fui. [). 

Fn;. 8. -Inlliiciicc of .Silii'im on Shriiika.Ki‘ of Fast Iron 8prn;iinens of Viirioiis Areas 

of ('ros.s-Hcction. 

Fin. 1 ). — 'I'he Variation in ( To.ss-t»ri‘akinK Mmliilus of Huptiiri' of Fa.st Iron for DifTerent 
Sizes of Bars and tor Varying PcrL'cntagcs of Silicon. (Keep.) 

753. Sulphur in Cast Iron.—Sulphur is an undi'sirable idianent in cast 
imn ainl is generally liniitctl to less than 0.1 fier ct^iit. Sin (Mi it is believed 
to promotti th(‘ formation of eombined call ion the above limit is often 
douliled on irons cast in chills. It combines with manganese to form the 
siil[)liide (MnS) or, if tlie manganese is very low and not sufficient to satisfy 
the sulphur, iron sulphide (FeS) may be formed. Since these sulphides 
solidify at coiisidcralily lower temperatures than cast iron they tend to 
make castings brittle and wt^ak at high temjx^ratures. Sulphur in high 
percentages (O-o per cent or over) also increases shrinkage and causes hard, 
brittle iron. These evil effects may be neutralized by proper additions 
of silicon. 
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7B4. Phosphorus in Cast Iron.—According to Stead, phosphorus occurs 
in gray iron in a eutectic of iron phosphide plus iron, and in white iron 
in a eutectic of iron carbide, iron phosphide and iron. These hard lirittle 
components called Simdite bulk approximately 10 times as much as the 
weight percentage of phosphorus. When phosphorus does not exceed 0.5 
per cent it has no marked effect upon cost iron. If more than 2 per cent of 
phosphorus is present the iron is embrittled and tiie strength diminished. 
High pliosplionis irons are much more tluifl and slirink somewhat less than 
irons low in phosphorus. High-phosphorus irons, therefore, take a good 
impression of the mold and are much used in making thin stove castings 
and ornamental castings where great strength ami toughness are not 
essential. 

7B5. Manganese in Cast Iron.- The jiroportion of manganest' ordinarily 
found in cast iron ranges from 0.4 per cent to 1.2 per cent. When present 
in such proportions manganese combines with sulphur, forming man¬ 
ganese sulphide (MnSj, and-—having satisfied sulphur—with carbon 
to form manganese carbide (Mii.d'). The latter is found in cementite 
uniterl with iron carbiile. Ferromanganese is often added to the molten 
iron to reduce the sulphur and oxygen contents. This is aceonifilished 
by combination and partial withdrawal of the oxiiles and sulphides of 
manganese into the slag. Manganese increases the solubility of carbon 
in iron and opposes the liberation of graphite. Increaseil shrinkage and 
hardness are promoted by increasing the manganese content beyond 
that reciuired to satisfy sulphur. Therefore manganese must be kept 
low ill gray iron which is to be machined, while in parts wliicli must with¬ 
stand abrasion a high manganese content is desirable. 

756. Other Elements in Cast Iron.—In small percentages copper is 
found ill some ores and traces of titanium are also often present, t'ojiper 
up to 1 per cent increases machinability and resistance to corrosion. 
Titanium iii small pi'rceiitiiges has a more imuertul grapliitizmg effect 
on cast iron than silicon. From 1 to 2 per cent of nickel is sometimes 
added to cast iron to promote machinability, uniformity, and strength. 
Chromium additions up to 1 per rent are often made to increase depth of 
chill, hardness, and strength; in higlier percentages to improve resistance 
to heat. Molybdenum additions up to 1.5 per cent effect potent increases 
ill strength, toughness, aiul liardness. Vanadium up to 0.5 per cent pro¬ 
motes hardness, toughness, and depth of chill. 

757. Defects in Cast Iron.—Checks, segregation, blow-holes anti coarse 
grain, the principal defects in cast iron, originate during the cooling of 
the castings. Checks arc small parallel cracks in the surface of a casting. 
They generally run transverse to the long axis of the piece. Checks 
may arise from errors in designing the shape of the ca.sting or mohl which 
prevent contraction during cooling. Irons of high sulphur content are 
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liable to have this defect owing to their great shrinkage and lack of strength 
while at a n‘d heat. 

Segregation is very pionoiinced in high phosphorus irons, where the 
eutectics of iron pliosphide and iron separate from the main part of the 
metal and form iirittlc masses which are more or less well eoiiiieeted, de¬ 
pending on till' ainoiiiit of pliosphorus present. Even with smaller p»er| 
eeiitages of phosphorus tliere aiipears to be a \veU-marked tendency tcl 
the formation, here and there, of little knots of inetMl wliieh are found 
attached Avithin gas cavities. Analyses of tlie knots sliow that the phos¬ 
phorus and sulpluir tonli'iits are very much above the mean eomjxisitiniis. 
The suliihidf's are also fiMind in greatest proportion in the top of the east¬ 
ing and ill the parts cooled most slowly. C'arhon and silicon soijjetiiues 
segregate' in such manner that interior portions of tlie metal are white 
and exterior parts are gray. AVlieii suc h sc‘gregations oeeiir at difTerent 
parts of the surface of a easting, thi^y render if very difficiilf to inachiiie- 
SometinieTi relief of the non-uniformit}' can be had by annealing 
the pic'Ce. 

Sc'gregalioiis make it very (liflicnlt to sc'cure repiesc'iitative samples 
of castings- for clieniical analysis. Since sulphur S(‘gregMt(^s on the top 
of a casting, drillings should be made' through the ca*stings from the top 
and till' sainiile thoroughly riiixca!. Variations in size of section will cause; 
changes in the coiiihiinMl carhoi; content; ninre combined carbon will 
exist in tlie skin tlian in 1lu‘ inU'rior; these eondition.s imisf all be kept 
in mind in locating drill holes for lioriiigs nr in cutting sainples from the 
casting. 

Blow-lioles are generally due to improper venting of the mold or 
to a high pio])onion of sulphur. If pronounced, they seriously affect 
both strength and touglmc'ss of the; easting. 

A coarse or open grain in the iron is caused liy too slow cooling, or 
it may be due t o a vi'ry liigh phosphorus content. In thick parts a coarse 
open grain is-generally found luvar the center of the section (see Fig. 3a) 
and is quite difficult to prevent. A more compact structure is often 
secured by huvering the silicon content, by charging turnings or chips of 
cast iron along with tlie pig iron, or by adding nickel and chromium. 

Besides (hi‘ above-mentioned defects, spongy spots and “ cold shuts ” 
sometimes result from lack of fluidity in the iron or from improper gating. 
Cold shuts are fault planes in tlu; metal produced by the solidification of 
part of the casting before the remaining molten metal was run into place. 
Spongy spols are exaggeraterl forms of open grain; they are often due to 
a solidification of metal in the risers before the interior of the casting 
has solidified. The interior is thus cut off from the supply of metal 
which is needed to fill voids caused hy shrinkage in cooling, and a porous 
structure results. 
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76B. Compositions Suitable to Different Kinds of Castings.—Usually 
the properties, such as strength and hardness, desired in castings are 
specified by the purchaser and the composition is left to the discretion of 
the foundryman. Table 1 shows compositions of irons for some uses. 
Whereas the major portion of gray iron castings are made without the 
plloying elements, nickel, chromium, molybdenum, etc., castings for severe 
feervice are frequently made with such additions. Thus nickel cast irons 

TABLE 1.—COMPOSITIONS OF CAST IRONS FOR VARIOUS PURPOSES 

(Should not ho a basis for .spocilicalions.) 


CoMPDBITION IN PeH CeNT. 


Kind of CastinKH. 

T otal 
Carbon. 

Com¬ 

bined 

('iirhnn. 

Silieon. 

Man- 

Kaneae. 

PhOH- 

jjhorus. 

Sulpiiur. 

Niekel. 

Chro- 

miutn. 

Molyb- 

dpiiuiii. 

AKrinultural manliinnry 

\\.2 :i Ti 

i).4-()..5 

i . 1 2.3 

0.0 -0. S 

<0.30 

<0. Ill 




Annnonia cyliiiderH .... 

;i . 'j ;i , 


1.0 1.7 

0.7-0.0 

<0,30 

<0.10 




Aiiiomobilf! cylintlr'rH.. . 

:i .i ;i .;i 

0.1 11. G 

2.1 2.3 

0.130.8 

<0.20 

<0.13 




Automobile cylinders.. . 

.'i . i-:i 3 


1 7-1.0 

0.00.7 

<0.20 

<0.13 

1.2 1.3 



Automobile cyliiideru. . . 

.1 . 2 :i . 4 


1 .71.0 

0.60.7 

<0 20 

<0.13 

1.4-1.0 

0,4-0.5 


AukoinubilL* pisloiiH .... 

. ‘A A. n 

U.4 

2.22.4 

0 0 

<0.20 

<0.12 



11.4 

AutomnbilG piMtun riiiKH 

A A ;m» 


2.83.0 

0.5 - 0.7 

0.50.7 

<0.11.1 




.'1 2-M A 


10 2 1 

0 0 0 7 

<0 20 

< 0 1 

12 1,1 

J.5 II. 0 


Car wlieelN, chilled. 

. A A . 7 

II. (i 0.8 

0.00.8 

0.5-0.7 

0.3 0.4 

<0. in 


CriMuhcr jawH and rullh. . 

2.U 


1.0 





2.-). 0 


OrniPH uKpiiiti 

A . ;i- :i. 4 

0. .5 (1.0 

1 .41.5 

0.8-1.0 

(1.3 0.5 

<11,10 




FurruipeH and mIovch . . . 

;{. li .'{. 7 

U..5 O.fi 

J.l 2 2 

0.5 0.6 

.1.13-0.0 

<0,10 




GearH, heavy. 

3.1 3.3 

0.13-0.7 

1.1-1.2 

0.6-0.8 

0.2 0.3 

<0.111 




Generator f r a m e a , 










B t e a m turbines, 











3.2 - 3.3 

0.5 O.C) 

1.0-2.0 

0.5-0.0 

0.4 0.0 

<0.10 




|111 YTI |1IU 

GriiidiriK balls and liiier.s 

H-3. Ct 

<2.0 


3.0 


Heat rcHi.Hlins ca.sliiiK.s. 

3.1) 3. r. 


2.0 2 3 





1.21.3 


Heavy forming dies.. . . 

3.1) 


12-13 

0.6-0.7 

<0.2 

<0.1l) 

2.0-2.S 

0.7-0.9 


Pipe, ceiitrifuRally cast. 

3.5-3.0 

0.70.8 

1 . 0 1. s 

0.5 0.6 

0.7-0.0 

<0 10 




Pi|M> fiKriii^.s ... 

3 . U 


1.0 1 .8 

0.60. S 

0.5-0. S 

<0.10 




HoUh, chilled. 

3 . l>-3.2 


0.13 0.8 

1.01.2 

0,2-0.4 

<0. Ill 




Hope drums, hiKh- 










etrciiKth I'ti.HiinKN .... 

2.4-3 U 

0 0 0.7 

2.0 2.2 

0.00.7 

<0.10 

<0.10 

1.2 1 .3 




are used in automotive and locomotive cylinders, gears, pump bodies, 
and crusher frames. Cast irons containing chromium find use in chills, 
crusher jaws, annealing boxes, and molds for glass. Nickel-cliromium 
cast irons have been used in automotive cylinders, forging dies, brake 
drums, and clutch plates. Molybdenum, promoting strength and uni¬ 
formity, has been added to cast irons for Ijrake drums, automotive cylinders, 
ingot molds, and other high strength castings. Vanadium cast irons have 
been used in grate bars, locomotive cylinders, rolls for steel mills, and molds 
for bottles. 
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Ptioferties of Cast Iron 

769. Shrinkage.—At the inoinent of complete soliilificatioii gray cast 
iron expamls, due to tlie precipitation of more or less graphite from the 
eutectic (if Musteiiite and cementito. Since graphite occupies more space 
than if chemically cumhined in the molten metal the total volume upcrj" 
soliditication is greater than that of the mollen met id just l)efore solitl 
ficatioji. If phospiiorus is liigh in the iron the initial expansion is so6^^ 
augmented by the soliditication of the phosphide eiuectic wliich occurs at\ 
approximately i()()(y° C. As the temperature falls these expansions are 
gratlually offset by contraction due to cooling. At 700° C., if die composi¬ 
tion is suitable and tlie rate ol cooling slow, another precipitation of 
graphite with consequent expansion takes place. With high r.ilicon and 
high total carbon the latter expansion is very pronounced, ddie casting 
then shrinks continuously until it reaches room teiii])en:ture. With 
proper regrdaiion of the phosphorus, silicon and total carlion content, it 
is possible to avoid a coars(' oiieii-grained metal and coiitnd shrinkage 
quite closely. Idg. 8 indicates the variations in shr'i kage due to changes 
in silicon and size of casting. 

A simple shop test to determine sponginess or shrink cavities consists 
in inidding a K-sliaped casting, breaking the l)ranclH\s of the K and noting 
the fracture. 

760. Hardness of Cast Iron.—From the machinist’s point of view no 
property of cast iron is of more importance than its harilness, since the 
hardness determines the ease with wliich the iron can be filed or machined. 

W c have seen that hardness increases with the proportion of combined 
carlion (Fig. 5) and is much influenced by the projiortioiis of manganese 
and sulphur; that silieon iq) to aliout 3 per cent acts as a softener (Fig. 7) 
beeause it jironiotes the formation of grajihite. Therefon‘, to secure an 
easily worked iron tlie projjortion of combined earlion must be reduced 
to the lowest value consi.stiait with reiiuisite stnuigth. In irons where 
Idgli strength, closen(‘ss of grain, and ease of machining are properties 
much desired, the total carbon is kept low and silicon high. 

Additions of chroiniuin, vanadium, or molylidenum promote combined 
carbon and hardness. Nickel up to 5 per cent graphitizes the iron and 
promotes niiieliiiiMbility, sircTigth, and unifonnily. 

For determiiiations of the hardness and deptli of chill which will take 
place in cast-iron castings of different thicknesses, use sometimes is made 
of a step-bar casting varying from -J to 1 in. in thickness. After casting 
the bar against a chill block, it is broken at different steps, the fracture 
noted, and hardness tests made. 

The Brinell hardness test is proliably the most satisfactory for most 
measurements of hardness of gray iron castings. For indications of hard- 
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ness of small areas, the Rockwell (B-scale) or the Scleroscope are superior. 
For the harder varieties of white cast irons, the Rockwell (C-scale) or 
Scleroscope provide satisfactory measures of resistance to indentation. 

The Brinell hardness number for gray machinery iron runs from 90 for 
very soft to 200 for dense strong irons, and from 380 to 500 for ordinary 
lulled white irons. For the special chilled and heat-treated irons it 
pay reach 700. 

IT 761. Influence of Composition and Rate of Cooling on Strength.— 

^For ordinary cast iron it has been noted that the strength is dependent 
upon the proportion of combined carbon, the proportion and form of the 
graphite flakes, and ujion the closeness and fineness of the grain of the iron. 
As in steel, the strength of cast iron depends upon the proportion of pearlite. 
Fineness of grain and of graphite flakes is promottMl by cooling as rapidly 
as is consistent with the attainment of the desiretl hardness and strength. 
Further reduction in the size of the graphite particles and improvement in 
uniformity of dispersion caji be had by melting or refining the iron at a high 
temperature (over 1500° C.) in an electric furnace. These conditions 
necessitate the use of mixtures low in carbon anti sufficiently high in silicon 
to produce a short solidification period. On the other hand, too much 
silicon will retluce the combined carl)on content of the matrix below 
eutectoid composition aiul cause loss in strength. 

For making higli-strength cast irons a common procedure is to use a 
low-carbon content, between 2.2 and 3.1 per cent, hold the silicon between 
2.2 anil 1.2 per cent and the manganese between 1.5 and 0.5 per cent. 
The carl)on content is commonly reduced by additions of steel scrap, thus 
obtaining a pearlitic matrix with finely divided graphitic flakes. 

Of the alloy elements added to cast iron, molybdenum lias the most 
powerful strengtliening effect per unit added; nickel and nickel-chromium 
are also effective in increasing strength, 

762. The tensile strength of cast iron is both an important property 
and a valualile index of the uniformity of cast irtiii. The tenacity of gray 
cast iron varies from 20,000 lb./in.-, or less, for soft weak irons to over 
60,000 11)./in." for the high-strength irons for special purposes. The 
A.S.T.M. standanl specifications list seven classes of cast irons based on 
tensile properties as shown in Table 2. Suitable composition is chosen 
by tlie producing foundry unless otherwise stipulated. Roughly, the cost 
of the cast iron will increase with the strength specified, the high-test irons 
being much inure expensive than the low-strength irons. 

Since tlie tenacity of the iron is much affected hy the size of grain and 
structure, it will decrease as the size of the bar, or thickness of casting, is 
increased. The effect is more pronounced for the softer, weaker irons, 
No. 20 and 25, than for the high-strength irons, No. 40 to 60, as the test§ 
in Tabic 3 show. Such considerations have led to the adoption of three 
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sizes of test bar, each adapted to furnish information for certain thicknesses 
of castings as indicated in Table 2. 


TABLE 2 .—A.S/r.M. MINIMUM STRENGTH HEQl IRKMENTS FOR GRAY 

IRON CASTINGS 


Cla.s.s. 

Unri wired 
'I'fn.sile 

Minim VM 

PeNI’KII Hkk^kinw 
i.n, (Oi*Tic)N\i.) 

C0RUKL.\TT0N OF* Tf.HT 

H,MI ,\N1) f.’.\«TlNW. 

Sf rpiijiili,* 




r 



ll- 

A-Ibii, DiiiiM. 

O-lbir, Diani. 

C-Uur, niam. 

'riiii'kni'ss ijf I'wn- 

Diamtaer 



0.S7.') in. 

1.2 in. 

2.U in. 

irwIliiiK SiMOiim 

of 'resil Car 



Spai’ r_’-in. 

Siiiin bS-in. 

.'^piin 24-in 

of ('iistiiw?:. 

a.s Cast. 

21) 

20,01)0 

000 

ISOO 

0,000 

<0,.'il) in. 

0.87.') 

2.') 

2:.,()oo 

102-. 

2000 

ri,.s()o 

0..')1 lu 1,00 in. 

1,200 

:io 

:io,))on 

nr,o 

2200 

7,t»00 

l.Ol to 2.00 1-1 

2.00 

:i-j 

:b^,i)i)L) 

I27w 

2400 

s,:iot) 

OvL*r 2.01) in. 

2.00, nr as 

-in 

40,01)0 

MOO 

2()00 

0,101) 


lUtrfiwl upwii 

■jO 

.~)0,0II0 

1 107.'i 

.'1000 

io.;n)o 



bO 

OU.OCIO 

102:. 

3400 





* Tp.sts lire if) Vie Hindi* nti tdirf;i deil end .specimen.^ with cnijed iliimielPiH of D.riO'i, O.SOO, Mnd \ .2r> in. 
fur A-, 1^-, ;ind ( ’-liar ppefinifjis, rc,spn*r*ii\ i*|y. 

t In tj un.-iversi* Ui'sLs ('orrni'.iions fui ilevialion in bar dianietcr, iJ, may '>• iruiilr liy diiiiiiiiK tbe test 
loud liy (/„•'), vvijure i(r. — numiiiiil liiunieiLU'. 


Ill making tensile tests it is well to avoid eccentric loading Ivy using 
threaded-end specinieiis like F'ig. Chap. Ill, held in sockets provided 
with spherical seals. Nominal speed of head of testing inaehine should not 
exceed i in. per min. after a load of 15,000 lb. per sip in. has been imposed 
on the sivecimen. 

TAivLi: :p j*i:hci:ni'age \ariation in sth1’:n(;th of cast iron 

VVITTT SIZJO OP PiAlk (Fioiii SymiH>sivim on (Just Iron, Priu'. A.S.T.M.t Vol. 
3;}, FI. 2, |). 1 If)) 


Tests ll•prJIt(‘d liy Gray Iron Instiluln TohIh of Hotlu*r iintl Mar,uric* 


Uki.ativj: 'rEN.'WLF Strenijtii ; 



I'KIII KN'l \iiE 1)1 S'lHKNiiTlI UK 


IG'. 11 DiamktkU" uI' 

)’OH 1 

Modulus tjf Huplurr* 
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00 

02 
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71,0)0 

04 

04 

S4 
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70,200 

0.^ 

O.o 

8S 

84 


A very comprehensive series of tes s on 25 cast irons of difTereiit grades 
was reported by Committee A8 in Proc, A.S.T.M., Vol. 33, Pt. 1, p. 87. 
Infomiatinp alioiit thesfv iroin i.i given in Tables 4 and 5. 

For the.sc tosts twenty 1.4-in. round burs 21 in. long wen* rn.st from each of the irons 
tppre.st ntetl in green sand mokls in flasks rnidaining 4 bars ear h. Irons J and V Were 
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cast in vertical dry sand molds. All temperatures were carefully measured by the 
same observers, liars were machined to a diameter of 1.2 in. prior to testing in impact 
or bending. Tension and endurance specimens were cut from virgin bars. The tensile 
strengths reportcfl wF^re oijLained from specimens 0.8 in. in diameter but the tensile 
moduli of elasticity values were obtained from specimens 0.505 in. in diameter. Com¬ 
pression tests were made on cylindrical specimens 1.2 in. in diameter and 4 in. long, 
loaded through a s])herical Ijearing. Fatigue tests were made on R. R. Moore macliines 
of the rotating bi'arn type. Sht>ar tests were made with a douVde shear device on 
cylinders 0.505 in. in diameter. The hardness tests reported were made halfway out on 
cross-sections of 1.2-in. diameter bars. From two to six Brinell, and three to ten Rock¬ 
well, readings WF^re taken on each i)osition. The endurance-test values represent onl^ 
one test; other test it'siilts usually represent the average of three tests. Irons 7’ and A' 
exhit)it(‘d some shrinkage cavities at the center of the bars which spoiled small specimens 
cut frfun these irons. Iron 7^ also showed considerable variations in structure and 
composition. 

The tensile data for these cast irons have been grouped in Table 5 in 
accordance with the A.S.T.M. classification. The first three irons listed 



in the table are very weak, whereas the last eight irons belong in the high- 
strength class. 

White cast iron, vSiich as is used for making malleable cast iron, has a 
tensile strength coiiimonly varying between 40,000 and 50,000 Ib./in.^ 
Ill small sections the tenacity may reach 60,000 to 70,000 Ib./in.^ 
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The eiidiirance limit (see Art, 823) for the cast irons listed in Table 5 
varied from 43 to 58 per cent of the tensile stren^zith and averai^ed 49 per 
cent of the tensile strength. The characteristics of stress-defomiatiou 
curves for gray cast iron are shown in Fig. 10. As the curves show, the 
material has no well-defined proportional limit, Vnit the apparent elastic 
limit (Art. 11) is approximately 60 per cent of the ultimate strengtli. 
The stress-deformation diagram for white cast iron is a straight line. 
Inasmuch as the maximum unit deforination of most cast iron is less than 
0.005, it is impractical to measure it in commercial testing. Hence, in 
such tension tests of cast iron, no index of ductility or toughness is 
furnished. 


763. The crushing strength of cast iron is remarkably liigh. and hence 
this property is considerably utilized in consiructif)n. OrdiiiMrily, owing 
to the high capacily of machine required, tests of Ine crushing strength are 
not made. Results in Table 5 indicate that tlie cumj)ressive strengih of 
gray cast iron is 3 to 4 times the tensile strength, the rMtio being greatest 
for low-strength and least for high-strengtli irons. W hen tesis are made 
on small prisms with height at least one and one-half limes the. least lateral 
dimension, the crushing strength _ 

will range from 60,000 lb. per _ j | I 

square inch for the soft open- | i i 

grained gray irons to 200,000 11k . i 1 

per square inch for the hard close- 1/'^ j” j j .. 

grained gray irons. (See alsoFig.7.) ^ I -j - j . | ■- 

Machinery gray iron of good qiial- ^ " '/ | i “ j ‘ ... 

ity will have a crushing strength | ~7 f 't—— — - ‘ - 

of 100,000 to 140,000 lb. per square ^ /|—| - - - 

inch. Wliite cast iron i.'^ one of the / : i - .---- 

i i ! 

.strongest metals when subjected to /-7 - —- 

compres.sion, and often has a ot—---^_l_ 

.W- .UUI .WKi .IMJM .OLQ 

strengtli of 250,000 to 275,000 11). eroimrUoaulL^ CDiupmssion. 

per square inch. As in tensile tests, ,,.-AvrraRn Results of Twenty-two 

the position of the test-piece in the r;;.,m|.rcs.sir.ii Test.^ on Gun Iron. (Testa 
casting influences the compre.ssive of MetaU, 1894.) 


the position of the test-piece in the r;;.,m|.rcs.sir.ii Test.^ on Gun Iron. (Testa 
casting influences the compre.ssive of MetaU, 1894.) 

strength. Pieces cut from near 

the surface of a casting arc stronger than those from the interior. Speci¬ 
mens from .small castings are stronger than tho.se from large castings of 
the same metal. Sometimes variations in strength due to these causes 
amount to 100 per cent of tlie smallest values. 

The stre.s.s-diagram of Fig. 11 is representative of good gray iron in 
compression, being the average of re.sults from twenty-two tests of gun- 
iron. The specimens were 10.5 in. long and only 1 sq. in. in cro.ss-section. 
Consequently they all failed by triple flexure, as columns, at an average 
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stress of 63,000 lb. per square inch before the true crushing strength was 
reached. (The tensile strength of this iron averaged 33,500 lb. per sq. in.) 

In Table 6 are given the results of available tests on full-size cast iron 
columns. The very low strength of these columns is noteworthy and 
shows the necessity for testing full-size pieces, rather than small prisms, 
in order to gauge the strength of large members. The remarkable discrep¬ 
ancy here shown between the crushing strength of small specimens of cast 
iron and that of full-size members is doul)tle.ss due to such hidden defects 
as shifted cores, blow-holes, and segregation. Nevertheless, such defects 
are always likely to be present. Furthermore, the results emphasize the 
importance of carefully calipering cast-iron columns aiul pipes in order that 
variations in wall thickness due to shifting of cores may be detected. As 
the computations in the table indicate, the straight-line formula, 
P/ A =34,()()(>- 88 //r, ver}^ closely fits the observed results. 

764. The Transverse Strength of Cast Iron.—Transverse tests of cast 
iron have found much favor because the specimens are quickly prepared 
at low cost; the required tesling machine is simple and readily operated by 
inexperienced men, and the results measure strengtli, flexibility, and tough¬ 
ness. Hence this test is much more iid*f)rinative than the tensile test, 
though the latter is (he specification re(|uiremerd. Tests are now made 
on the three sizes of round bars shown in 3\al)le 2. Bar letigtlis are 3 in. 
longer* than the indicated test, span. l.)iameler of bar should always l)e 
carefully measured prior to testing. Sirength is indicated by the center 
load whicli tlie sj)ecified bar will carry. A rough ineasure of toiigliness 
may be found l)y estimating the energy of rupture from half of the product 
of the maximum load times the corresponding dellection. 

The moilulus of rupture of cast iron is not usually computed in the 
foundry, but it forms the best means of comparing bars of the same shape 
which differ slightly in size. ComparisoiLS cannot well be made between 
bars differing considerably in size nr in shape, since the rate of cooling 
causes radical changes in the grain structure of the interior. Variations 
in the moduli of rupture of square bars due to differences in area anil in 
silicon content are shown in Fig. 9. Square bars, in general, exhibit a 
modulus of rupture 10 to IS per cent lower than rt)urul liars of etpial diam¬ 
eter. Variations in the modulus of rupture due to differences in shape of 
cross-sections are illustratoil in Table 1, Chapter HI. Machined bars are 
generally Aveaker than unmachined specimens. Tumbling in a rattler 
materially improves the strength and increases the hardness of the skin. 
Bars cast horizontally are strongest when the load is applied against the 
cope face. 

The ratio of the modulus of rupture {Sm) to the tensile strength 
varies from to 2^ (see Art. 27). The ratio, decreases as the tensile 

strength increases. This relation is discernible in values given in Table 5. 
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TABLE 6-~TESTS OF lULI^SIZE CAST-IRON COLUMNS 


(Uesulis of Tosts inaile at Plimiixvillo, Pa., I^y Now York Doparfmrnt of Buildings, 

iSOT) ' 


NunmbiT 

of 

Column. 

DiMiiU't I'r. 
InrhfH. 

'i’lurkiii'.s.ii 
of Ml*till, 

1 ru’hf.s. 

AriM in 
.Si) nan- 

IriL'hi's. 

1 

I.iMiiitli 

in 

[ni'liPi^. 

U). 

Arliial 
l'•^(':lkinl; 
Loail prr 
Siiiian* liirh 
in rounds. 

11 a ill us 
of 

ll vnitiiui 
0) , 

/ 

7 

OnuikiiiH liniid 
l)j I'nnnulii 

/, »:t.KU)0-S8- 
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1 5 
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48.1)8 ! 

1001 

80,880 

4.902 1 

88.811 


11 

15 
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lOOi 

27,120 

4.02 i 

8S. 008 

80,000 

B2 

15 
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40,08 

loo; 

24,484 

1.02 I 

88.008 

80,000 

B4 

15i 

li 

49.4S 

1!H)1 

25.182 

4.005 i 

88 3.18 

80,080 

(5) 

15 

1 6 4 

50.01 ; 

100.1 

85.485* 

4.080 ; 

88.518 

40,010 

(ti) 

' 15 

i ' 1 6 

51.52 ; 

1001 

40,411 

4.800 ^ 

88.s;;.| 

; 80,580 

XVI 

i 8 

1 

21. Oil i 

100 

2!),(i04 

2.50 ' 

04.00 

28,870 

XVII 

8 

1 1 64 ; 

22.S7 ; 

100 

2S,22!‘ 

2. 1811 

01.801 

28,840 

(7) 


i \ 

17.1>4 

120 

25.805 

1.780 ; 

07.180 

28,000 

(8) 



j 17.87 1 

120 

20,205 

1.S05 ; 

00.188 

28,150 

04 

' s 

.'t 

4 

17.088 

147.^ 

25,000 

2.711 

58. oo;; 

20,200 

14 

' 9 

1 

1 25.183 

150 

21,181 

2.87‘: ' 

52.22r. 

20,110 

D1 

12 

1 

:m.5ss 

102 

80 810 

8.000 ! 

11.475 

80,850 

C2 

: 14 

1 

i 4(1.sir 

150 !i 

25,401 

4.000 ' 

81,001 

80,050 


* Dill Jiut l:iil. 


IIesitlts of the ’Wateutuav n a usi:\ai, Tests 


[Rf'pfu’ls for ISS 7 ami ISSN) 


N UlIlltlT 

Ilf 

Ciduiiiii. 

1 ,(‘!lsf. 

1 iilUiilKT 
ill 

1 ni.'li(*.H. 

A]»(»r(i.'ii- 

inalr 

Tliickn -ss 
Ilf .Miuiil 

in lufhi'.s. 

. 

.An a III 
Sijuaic 

In eh IS. 

lauitjl li 
ill 

J llclll'S. 
(/• 

A rl iial 
Hrrakiiii!: 
Load pi'r 
Srpuirc Iiir-Ji 
in INuimls. 

OadiiiM 

fiym l Jim 
ir). 

1 

r 

Hrnakini; l.mul 
b.v I' lii'inulii 

i> =T-:J4111)1)-HH- 
r 

000 

5.94 

0.08 

18.10 

181 .6 

88,860 

2 11 

1)2 

28,510 

001 

5.00 

0.05 

12.27 

146.7 

18,850 

2. 12 

6!) 

27,080 

992 

5.09 

0.85 

12 OS 

1 50.0 

88,5fK) 

1.77 

85 

26,520 

908 

4.74 

0.01 

11 75 

151 .5 

2I),.S4() 

1 (.1 

0> 

25,73,0 

904 

4.84 

0.01 

11.80 

128.6 

80,870 

1 .68 

70 

27,050 

995 

4.87 

0.90 

11.80 

120.5 

20,83,0 

1 . lit 

70 

27,050 

990 

5.72 

o.oi; 

8.04 

127.6 

1.8,810 

2.12 

r.o 

28,720 

997 

2.97 

0.87 

5.10 

118.5 

81,850 

.07 

122 

28,270 

998 

8.00 

0.88 

5.27 

118.7 

29,000 

. 07 

122 

28,270 

900 

8.00 

0.90 

5.50 

118.4 

83,350 

.07 

128 

28,180 

1000 

4.27 

l.(K) 

10.02 

84.6 

82,130 

1 .81 

65 

28,280 

2000 

8.00 

1.36 

31.10 

157.0 

(25,720)* 

2.68 

60 

28,72(’. 

2001 

7.87 

1.81 

26.88 

156.9 

(80,380)* 

2 87 

66 

28,160 

2002 

7.17 

1.16 

21.75 

156.9 

25,470 

2.16 

7:{ 

27,540 

2003 

(i. 85 

1 18 

17 28 

156 9 

27,210 

1.8!) 

83, j 

26,650 

2004 

5 57 

0.77 

18.22 

156 4 

25,100 

1 71 

07 

25,860 


* Did not fail. 
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The modulus of rupture varies with the span as shown in Fig. 15, 
Ch. III. MacKenzie and Donoho reported additional data for strips of 
pipe-iron whicih they tested (see Proc. A.S,T.M., Vol. 37, Ft. 2, p. 71). 

Average values for the modulus of rupture of good grades of cast iron 
may be expected to be not less than the following: No. 20, 48,000 Ib./in.^; 
No. 25, 53,000 Ib./in.^ No. 30, 58,000 Ib./in.^; No. 35, 64,000 lb./in.2; 
No. 40, 69,000 lb./in.-; No. 50, 80,000 Ib./iii.-; and No. 60, 90,000 
Ib./in.^. 

Good grades of gray cast iron usually deflect between 0.1 to 0.2 in. 
when tested in A-y)ars (Table 2), 0.2 to 0.4 when tested in B-bars, and 0.2 
to 0.3 when tested in ('-bars. 

The energy of rupture in bending, accurately found by evaluating the 
area under the load-deflection curve and tlividing by the volume of the 



LDLiglli ol Spun, liiulma. 

Fig. 12.—of Lcnglh of Span nn the 
tjf 11 apt lire, of 11-in. Hoinul liars 
of Cast Iron. (Mtilhi-ws.) 


Specimen, serv^cs to measure the 
toughness t)r resistance to sliock 
of the iron. AYliere the complete 
load-deflection flata are not ob¬ 
tained, the total energy consumed 
may be roughly api)roximated by 
taking half tlie product id the 
maximum load times tlie corre¬ 
sponding deflect ioTi. 

Owing to the limited portion of 
the specimen suffering maximum 
stress, the energy of rupture de¬ 
creases markedly with the length 
of the span, as the data in Fig. 12 
•show. Also tllick specimens usually 


show lower energie.s per unit volume than tliiii ones. Hence comparisons 


should be based on standard conditions. 


In Fig. 13 are shown autographic stress-diagrams of four kinds of cast 
iron. The tests were maile nn bars i in. sriuare and 12 in. long. They 
all withstood a load of 450 lb. at the center, whicli gives a modulus of 
rupture of 64,800 lli. per stpiare inch. 0^^ing to the great differences in 
ultimate deflection, however, their resistances to shock vary greatly. 
By computing tiie areas under tlie load-ilellection curves and dividing 
by the volume of the test-piece lietween sujiports, we find their resistances 
are 10.0, 21.5, 28.9 and 35.1 in. lb. per cubic inch. For these four cases, 
the greatest error, due to approximating the energy of rupture b}^ the 
method previously outlined, would be 16 per cent. 

Good gray irons exhibit energies of rupture of 18 to 30 in. Ib./cu. in. 
when tested in either A-bars or B-bars. Phosphorus in high percentages 
causes a lack of toughness as e^ddeiiced b}'^ data for the Z)-iron, Table 5. 
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In contrast the high toughness of the low-carbon and high-nickel irons of 
Table o is noteworthy. 

766. The modulus of elasticity of cast iron varies considerably with the 
strength of the iron, as the data in I ig. 7 anil Table 5 show. If the secant 
modulus (Art. 519) is detennined for inaxirnuin stresses of one-fourth of 
the ultinud e strength, tlie value for good grades of inachinery iron usually 
lies between 13,000,000 and 10,000,000 
lb./in." with values of 20,000,000 Ib./in.-, 
or higher, for high-test irons. For white 
cast iron, E lies bet^^ een 25,000,000 anti 
30,000,000 11)./in.- The data from the 
A.S.T.M. linj)act Investigation indicated 
that the moduli in tension and com¬ 
pression were ai)proxin)ately eiinal l)iit 
averaged about 11 per cent less than tlie 
values calculatetl from transverse l)eiul- 
ing tests. The latter diserepanty is un¬ 
doubtedly due to the presence of stronger 
and stitTer metal in the outside portions 
of the specimens tested. Hence for tlie 
same quality of cast iron the modiihis of 
elasticity is the same in tension, com- 
|)ression, and bending. TTio sliear modu¬ 
lus of elasticity {E^) is 0.4 E, 

766. Shock Resistance of Cast Iron.- - 
Ill cast-iron car wlieels, in rolls and jaw 
Iilates for crushers, in grinding balls, and 
in forming dies considerable shock must 
often be sustained. Hence the energy 
of rupture in cross bending or impact i.s 
sometimes a decidedly important proj> 
erty. The energy of rupture in transverse 
impact is usually 20 to 35 per cent higher 
than the energy of rupture found in static 
bending. Good machinery irons will usually show 25 to 35 in.-lb./cu. in. 
when tested in B-bar specimens. On an 8-iii. span the energy per unit 
volume for 1.2-in. iliameter specimens is 50 to 70 per cent higher tlian for 
an 18-in. span (Table 5). When tested in |-in. bars over an 8-in. span, 
good iron of No. 30 grade will exhibit energy of rupture values of 28 to 
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767. Strength of Cast Iron in Shear and Torsion.—The shear strength 
of cast iron, determined bj" double shear tests on small cylindrical or thin 
rectangular .specimens, provides a good method for exploring the uniformitv 
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of the strcnf^th of a casting. For such purposes cylindrical specimens may 
be cut from the casting V)y a core drill (see Fremontreport in Proc. 
I.A.T.M., the VI Congress, YU.). 

The shear strength of gray cast iron usually is between 25,000 and 60,000 
Ib./in.^. The property increases with the tensile strength but in a decreas¬ 
ing ratio. For No. 20 cast iron the shear strength is about 1.6 times the 
tensile strength, whereas for No. 35 the ratio approximates 1.3, and for 
No. 60 the ratio is al)out 1.0. 

In torsion, cast iron fails on planes at 45 deg. with the torsional shear 
stresses. Since these failure planes carry tensile stresses of intensities 
equal to the shears, it is evident, that such failures are caused by weakness 
in tension.* Hound bars of No. 30 cast iron should exhiVjit computed 

twisting strengths (aSV) between 
40,000 and 50,000 Ib./in.-’. 

768. Shrinkage Stresses.—The 
shrinkage of cast iron in cooling 
often induces excessive stresses, 
sometimes sufficient to rupture. 
Such stresses increase with the 
thickness of the casting. An ex¬ 
ample of an analysis of shrinkage 
slresscNs in a heavy cannon is showui 
in Jug. 14. 4he outer and inner 
surfaces cooled first, and the sul)- 
sequent slirinkage of the interior put 
those parts in cfunpression. But 
since the total internal stress across 
any diametral secl.ion must be zero, 
it folio A S that the tf)tal tensile stress 
stress. The strt\sses were^ all found 



lun. M.—Stresses in Cnsi Iron 
I J in. Ihirk. {'Trstfi of Muto^s,) 


there l)eing no external force acting 
must ecpial the total conipre.ssive 
directly l)V cutting off a zone included l)etwa>en twT) transvervse sections, 
and liy cut ting tliis into a series of concentric rings as show'n by the dashed 
lines in I4g. 14. Before c\itling these, four diameters of each ring were 
carefully measured, and these same diameters waue again measured after 
cutting out. An increase in mean diameter indicateil an initial com¬ 
pression, anil vice versa. The initial stresses wu^re found from the equation 
aS= eF, where *S = unit stress in 11). per sq. in.; e = proportionate change in 
circumference; 7'.' = modulus of elasticity. 

The stress diagrams of Fig. 14 were drawn from the original data by 
J. B. Johnson. They show' that in this simple symmetrical casting there 
were compressive stresses on the inner and outer surfaces of 7,000 and 

* Vi'rilii'il l.y (csls on lliin linllow pylindors of past iron reiiortpcl by J. O. Draflin 
and W. L. Collins, Proc. A.S.T.M., Vol. 38, Pt.. 2, p. 235. 
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13,500 lb./in.-, respectively", and tensile stresses of 2,000 Ib./in.^ in the 
interior portions. In niore complex forms of castiiij;s the determination 
of such stresses would be far more difficult, but tlieir magnitiules might 
be much greater. 

769. Strength of Cast Iron Increased by Shocks.— Rattling of castings 
or imposition of a large iiuml)er of light blows is likely to produce an increase 
of 10 to 15 per cent in strength and 20 per cent increase in impact toughness, 
according to A. E. Outerbridgc, Trans. Am. 7nsf. Mi/i. Fnf/r., Vol. 26, 
p. 176. This action appears to be due to relief of internal strain and a 
denaification and hardening of the surface where the castings arc tumbled 
in the rattler. 

770. Heat Treatment of Cast Iron.—Cast iron respomls to heat treat¬ 
ment in a manner similar to steel. Internal strains may ))e relieved by 
annealing at 430 to 490° (J. for ^ to 4 hr., in accordance witli I lie Jiiass and 
thickness of the casting, and cooling slowly. Such trfMiincnt slightly 
decreases hardness and strength properties l)ut materially ijnjjroves tough¬ 
ness and constancy of shape after machining. Tlie S'dler, low-strengtli 
irons of high grajdiite content wall be weakened more I him the high-strength 
irons of low- graj)hite content by such treatment. Ihiising tli(‘ 1ein|)eratiire 
or increasing the annealing period will cause furtlier lednclions in hardness 
and tenacity. Softening of hani castings for purposes of niachinijig can be 
done by annealing at temperatures of 760 to 820° C. 

Wear and abrasive resistance of cast irons carrying fin(‘-graineil, uni- 
forirdy dispersed grapliite ifi a jiearlitic matrix can he iinjiroved by skillful 
quenching from above the critical range, 790-850° (J. If desireil, the 
drastic hardening effects of f]iicnching may Ijc relic veil and the tenacity 
improv^ed l)y drawing at temperatures of 300 400° C. 

Surface hardness of 800 to 950 Brijiell can he produceil on finished 
castings by subjecting irons of low-carbon content containing aluminum 
and chromium to the nitriding process (see Art. 710). 

771. Effect of Repeated Heating on Cast Iron.—Repeatetl heating of 
high-carbon, gray cast irons at temperatures above 500° (h gratlually 
causes a break down of the pearlite into ferrite plus graphite, with accom¬ 
panying increase in volume or grow^th. At 725° U. allotroj)ic transforma¬ 
tions intensify these growtli changes. Eurthermore, in connection with 
such heating, there is likely to he corrosive action which by its nature 
accentuates growtli. Indeed the action of superheated steam, if corrosive, 
may effect undesirable grow th in gray iron fittings at temperatures below 
500° C. 

Cast irons of low^ total carbon, with finely" divided, uniformly dispersed 
graphite flakes and wTll-stahilized carbide, are the most resistant of the 
ordinary cast irons. The inclusion of chromium and other ingredients 
tending to promote stability of iron carbide at high temperatures make the 
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cast iron more resistant to growth from repeated heating. In ordinary 
amounts sihcoii promotes graphitizatioii and growth but irons with 6.1 
per cent of silicon have shown little growth (see Symposium on Cast Iron, 
Proc. A.S.T.M., Vol. 33, Pt. 2, p. 115). 


MALLEABLE CAST IRON 

Nature and Importance 

772. Nature,—White cast iron of suitable composition can be rendered 
somewhat malleable and ductile, and very greatly toughened by surround¬ 
ing it with a suitable packing material and annealing at a bright red heat 
for several days. The iron before annealing should have all of its 
carbon in combined form, but the silicon, sulphur, and manganese con¬ 
tents must be so adjusted that the annealing may be accomplished at 
temperatures just above the critical range (1300 to 1500° F.). By the 
heat treatment the combined carbon is transformed into a special type of 
graphitic carbon, called temper carbon. The temper carbon is made up 
of finer, more-rounded, and more-uniforndy disseminated grains than the 
graphite of gray cast iron. 

If the packing material is loose and the furnace gases strongly oxidiz¬ 
ing, practically all of tlie carbon will be removed from the outer layer 
of iron, the percentage removed decreasing toward the center of the 
casting. In American practice the entire annealing period is only six 
or seven days ami the carbon removal is small. Examination of a fractured 
cross-section of malleable cast iron reveals a thin white shell of impure 
carbonless iron about to iu. thick siirrounding a Ijlack core in which 
the grains of temper carl)on are imprisonerl among crystals of iron (ferrite). 
The color of the core in the fractured casting gives rise to the name hlack 
heart. In I^Airope the annealing process is carried on at a higher tem- 
pc^rature and for a consideraldy longer time. This results in the pro¬ 
duction of a much thicker shell of decarburized iron, and a greater reduc¬ 
tion in total carl)on tlian in American pract ice. The castings so produced 
have a white hearty and are coarser grained and somewhat less strong than 
black-heart castings. By providing chills in molding the wdiite iron it is 
possible to make castings up to 4 in, in thickness by the black-heart 
process. The white-heart process is best adapted to production of parts 
under ^ in. in thickness. 

In strength, malleable cast iron is consideralily superior to gray cast 
iron but inferior to steel castings. It is very much tougher than gray 
iron and, when well made, compares favorably with cast steel. Owing to 
lower melting tcmj)crature white ca.st iron shrinks slightly less than steel 
and in tlie annealing process an expansion takes place, due to the separa- 
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tion of the temper carbon, which makes the net shrinkai^ of malleable 
cast iron about tlie same as gray cast iron. Malleable castings are in 
general somewhat smoother and freer from blow-holes than steel castings, 
and also more resistant to corrosion. 

773. Importance of Malleable Cast Iron.—On account of good strength, 
high toughness, and moderate cf>st., malleable cast iron is much used for 
a large variety of small castings. About one-half of the 600,000 tons 
of malleable cast iron annually protliiced in the United States is used by 
railroads on rolling stock for car couplers, journal boxes, brake wheels, 
levers, door fa.steners, liinges, pipe hangers, etc. A large tonnage is used 
in making parts of agricultural machinery and implements, while most 
of the remainder is used for pipe fittings, stove plate, hardware, orna¬ 
mental castings and cheap tools. About one hundred anti fifty foundries 
in the United ^States produce more malleable cast tron than is made in all 
the rest of the world. 

The Manufactcue of Malleable Cast Ikon 

774. Melting the Charge.— T\iv eiifioia, the air-furnace and the open- 
hearth furnace art', the tvjit's of furnaiM‘s most ustal for melting the charge. 
Baby Besstitner converters ami crucibl(\s are used to some (extent in 
Europe and the tdta^tric fiirnaet' is also forcing its way into this fiehl. 

The principal use of tin* cuj)t>hi in riialleable iron works is for making 
small castings. Tho proce.s.s is run in much Die sain(‘ way as in smelting 
gray cast ii on excepting that a Ifirger proportion of fin^l is required in order 
that tlie Avhite iron, wliicli is li'ss Iluid than gra}", may be veiy hot when 
poured. The composition of j)ig iron for such castings Mccording to 
Moldenke should l)e al)Out as follows: Silicon 1.00 to 1.50, manganese 
<0.60, phosphorus <0.225 aiul sulphur <0.05 pt'r f:ent. Small amounts 
of pig iron and sprues are chargcal betweiai tbin layers of ra)k(‘ or anthra- 
citti coal. Malleable or stta-l seicap cannot bt'. atlvantageously used in 
this type of furnace. Iron is run contimiously from the tap hole into 
ladles and poured as rapiflly a.s possible. The cupola is the cheapest in 
installation, in upkeep and in optaatioii, and the quickr'st smelting process 
in general use. Howevei', owing to contact betweem tlu; fuel and the 
iron and lack of means of control, l)urnt metal is sometimes produced. 
Furthermore, the annealing temperature required for cupola iron is higher 
than for the air-furnace or op(‘ii-h(‘arth jiroduet. 

The air-furnace is used most in this eountry for making malleable 
castings. It is less expensive to install and operate than the open-hearth, 
although requiring a slightly longer time for smelling. It may be built 
in a wide variety of sizes, and can be ojxirated discontinuously without 
impairing the quality of the iron. One of the main difficulties in air- 
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furnace operation is the possibility of burning the thin portions of the bath 
and consequent production of weak metal. By proper use of the air- 
furnace it is possible to produce a very good grade of malleable iron with 
less skill than required to run an open-hearth furnace. The charge of 
metal for the air-furnac(i consists of pig iron, white-iron scrap, and malle¬ 
able scrap. When necessary to reduce carbon to proper limits (2.25 
to 3.00 per ctait) a small proportion of ste(‘l or wrought iron scrap is addcid 
after the pig iron has melted. For heavy castings the silicon content 
in the pig iron is run lower than inditaiteil for cupola iron in order to 
avoid mottling of thf‘ harrl iron castings. Fig. fi indicates ranges in car¬ 
bon ami sil 1 (^) 1 ! contents in hartl iron for making different grades of mal- 
lealdi^ cast iron. 

The optui-liearth furiuice for malli^able iron is l)uilt upon the same 
principle as that us(‘d in steel making, but in smalhu- sizes. With thti 
open-hearth furnace tlie charge of jnetal is similar to that used in the air 
furnace, ^riu; fuel, however, is usualproilucer gas and air, both of 
which art' s(‘|)arately heatinl by passage througli hot clKadvor works bfifore 
they eJitcr the furnac(‘. Natural gas and vaporized find oil are sonietiines 
usfal inst(‘,ad of prodiu;er gas. Altliough the most costly process on account 
of high cost of installation, uplauq) and skilhal In bor ff)r opiu’ation, the of)en- 
heartli furnaci^ provides well-c.ontrolled nndting conditions and furnishes 
the best inalh'able cast iron. 

77B. Molding and Casting.—R(‘caus(^ of the laf:k of fluidity in white 
east iron and the rapidity with which it chills, jiatttuns must bt^ provided 
with large runm*rs and spru(‘s. This should be dtjne in order that the imdal 
may be rapidly pourtal, also in order that a gooil head of metal may bo 
provided to keep the mold full during solidificati()ii. OAving to the high 
shrinkage white cast iron es})ecial care shoidd V)e taken in shaping 
pallems a1 the junctions of thick and thin parts. Suitable chills are 
often ie(]uired to cool heavw sections with sufficient rapidity to make 
the iion wliiU* and to avoid excessive shrinkage strains at junctions 
with til in |)arts. 

The molds used for mallealile cast iron are similar to those made 
for gray castings but, owing to (he numl»er of castings made from the same 
pattern, tlieia' is a ladti'r opportunity for the effective use of molding 
machines and core-making machines. Metal molds, on account of the 
chilling action which they exert, arc also successfully used for malleable 
castings. 

Ill casting, it is quite necessary that the white iron be poured at a 
teinperaiure suffhaently high to render it fluid; yet, on .account of danger 
of burning, the metal cannot be held too long in tlu' furnace. The narrow 
range of pouring temperature makes it necessary, therefore, to have 
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thp nirtal liandled and cast very promptly when it lias arrived at a white 
heat. 

After the white eastings have eooled they are .shaki'ii out of tlie sand 
and eleaju'd l)y the imthods used for f»;ray castings. Th(\v are then 
trimmed of sprues, n;i niunl smooth, where necessary, and sortt'd. 

776. The annealing of the white castings is an exceedingly important 
operation in the proiluetion of good malhaihle eastings. The hard eastings 
are carefully pai-kerl in rectangular linxes, called saggars, which are 16 by 24 
indies in plan and a foot liigh. JMill scale from w^rought-iron squeezers 
and sihcious slag are often mixcnl to form the jiaeking material. Hematite 
and inilvi'rized magnetic ore are ;dso usetl for this pmposo. Leosman 
and Stony’s * expeiiinents sliow that tht' oxidizing ehaiTicier of the 
packing mal ('rial e\(‘rei.s(‘s no iidhuaiee iijion ilie dia'ai hui izntion of the 
iron, but tliat such change is due to the |)i‘nej ration of (‘arbon dioxide 
generated in tht‘ furnai'e. The pcaincabilily of the packing to this gas is 
tliendorc the inqiortant facloi* in dctiaanining thi‘ l arbon content in the 
skin of the castings. 

The saggtirs are, stackial t deep in an annealii g furnace, which, in 
form and in jirinciplc of operaticai resembles a nadangular down-draft 
brick kiln, (las, coal or nil is u.sed to slowly heat tlu^ annealing furnace 
until the t(‘ini)(‘ratur(^ of tlu' castings is abovi* tlH‘ critical iMiige. Storey 
states the latter is betwtam 7t)t) and 775'^ V. T\w t(‘ni))(‘raturi* is held just 
aboA’i' this range from sixty to s(‘venty-twa) hours and tlu'ii th(‘, castings 
should be cooled viay slowly until well below tln^ critical temperature. 
For black-heart castings about six rlays are rerjuired for annealing. 

After removal from the saggars, the malleable castings are placed 
in a rattler, which is partly filled with bils of discardfal ma,lleal)le castings, 
and cleaned. Tliey are then given vvliatev(‘r finisiiing is necessary. If 
crooked they are straightened but without heating. 


CoNSllTIJTIOX AND FllOriCltTIES OF MaLLEAHLE CaST IuoN 

777. Composition and Constitution.—Good black-heart, malleable cast¬ 
ings wall generally contain about 2.0 to 2.8 per cent of temper carbon, 0.50 
to 1.25 per cent of silicon, manganese under 0.30 pr^r cent, sulphur below 
0.05 ]ier cent, and phosphorus undei- 0.25 per cent. Tin; higher percentages 
of silicon are in most cases to be found only in small castings. For 
intricate patterns w’ht^re fluidity of the molten metal is of great importance 
phosphorus may run to 0.3 per cent. 

If the amn'aling is properl}" done no condniied carbon will be found 
and the entire stiucture wall consist of two main elements, ferrite and tem¬ 
per carbon, as shown in lug. 15a. Such castings should possess maximum 

• See account of experiments at University of Wisconsin in Foundry^ Vol. 42, p. 474i 
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* ; ductility. If the annealing period is too 

« short or the temperature too low, cemen- 

tite will be present in addition to ferrite 
and temper carbon and the castings will 
i be more brittle, although they may be 

stronger than the fully annealed iron. 
' When the castings are cooled too rapidly 

‘ ■, after correct annealing, the structure 

■ shows the temper carbon embedded in 

ferrite which is in turn surrounded by 
>.■ pcarlito, Fig. 15b. With too low anneal- 

ing temperature followed by rapid cooling 
** ^ ^ structure consists of cementite par- 

" tides embedded in pearlite masses with 

(o) Good Mallnable Iron. Nutf*/?Trito shnll i • ■ i 

(top) inip irojii tBinper tarhoti whith Bioro or less teiiipor carbon imprisoned 




appparH ap blank patnliRS furtliRr in fruin 
the BurfaDO. fHarbisnn Walker Kefr. Co.) 



(5) Temper carbon in ferrite masBcs wViich 
aro in turn Bvirroundcd by pituilile. 
(Stnrpy.) 


) in ferrite. Such iron is likely to be very 
brittle and non-uniform. 

In order to determine whether the 
iron is of proper constitution a small 
rectangidar lug is cast on the work. 
After annealing the lug is broken off with 
a hammer, the toughness of the iron 
judged by the energy rc(j[uired to remove 
the lug, and the fracture examined. Good 
black-heart iron will show a very thin 
wliite skin from ^ to ^ in. in thickness 
Burroimding a bluish black or black core. 
^ The core should present a velvety ap- 
■ pearance and be free from shrink cavities 
□r white crystals. 



(f) Steely shell (top) mused liy rinse rom- 
pnetinft of parkiiiK niaferial and lark of 
oxidation. 


Pig. 15.—Photomirrographs of Good 
and Bad Malleable Iron (X70). 


A recent development in high-strength 
malleal)le cast iron has been the produc¬ 
tion of the pearlitic malleable cast irons. 
These irons are made by incompletely 
graphitizing tlie combined carbon of the 
original white cast iron, or by reheating 
the graphitized metal. Elements like 
manganese, chromium, or molybdenum 
arc sometimes added to effect retardation 
graphitization. Although termed pearl¬ 
itic, different classes of these metals are 
made with matrices containing any one of 
the metallogi-aphic constituents common 
in hardened or tempered steel, (see Fig. 
156). Successful production of pearlitio 
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malleable cast iron requires very careful control of composition and heat 
treatment. Tensile strengths range from 60,000 to 100,000 Ib./in.^, the 
ductilities are lower than for the black-heart rnalleables, hut the toughnesses 
may be either higher or lower. The j:>earlitic malleables are harder, less 
easy to machine, and shrink less than ordinary malleable cast iron. (See 
also A.S.T.M. Symposium, 1936.) 

770. Testing of Malleable Cast Iron.—In the foundry, the breaking of 
hard castings to determine whether the iron is mottled or wliite and the 
lug test of the malleablized iron are the principal mechanical tests. It ia 
customary with more important work to run tensile tests on bars shaped 
about like Fig. 3/, Chapter III, with a minimum diameter of I in. 

A simple test for toughness and ductility, which seems to have found 
some favor in the foundry, is the curling test. Tiiis test is made on 
a wedge 6 in. long, 1 in. wide, and tapering frojn | in. to iV in. in thick¬ 
ness, which has been cast and annealed Avith the given heal. The thin 
edge of the wedge is Ixmt over with a hand hammer. It is then gripped 
rigidly at the thick end and held thin etlge up ui dr^^ a drop liammer. 
The hammer is dropped on the specimen from a ri>nstant lieight giving 
blows of 70 ft.-lb. each. These cause the specimen to curl into a spiral. 
Lack of ductility is signified by cracking of the wedge, toughness by the 
number of blows re(|uired to break it.* 

779. Mechanical Properties of Malleable Cast Iron.—The A.S.T.M. 
Symposium on Malleable Iron Castings of 1931 furnish(‘s data on the 
mechanical properties of irons of the following chemical composition; 
carbon, 1.00 to 2.00; silicon, 0.60 to 1,10; manganese, under 0.30; phos¬ 
phorus, under 0.20; and sulphur, 0.06 to 0.15 per cent. For such iron the 
specific gravity was found to vary from 7.15 to 7.45, depending upon the 
carbon content. The coefficient of thermal expansi[)n up to 400° C. 
(750° F.) was 0.000012 per deg. C., or 0.0000066 per deg. F. From 20,000 
tensile tests, nearly all of which were made on air furnace iron, the average 
ultimate strength was 54,040, with a range from 45,000 to 62,860 Ib./in.^ 
The yiedd point, based on an elongation of 1 per cent, varied from 30,000 
to 43,000 and averaged 36,350 lb./in.- The elongation variefi from 8 to 
33 and averaged 18.4 per cent. From a statistical analysis of 5,000 tests, 
representing random heats of many manufacturers, it appears probable 
that 96 per cent of the tensile strengths were within 4,000 lb./in.- of the 
average and 60 per cent of the ductility values were within tlie range 
18.4 rh 3 per cent. The average tensile properties reported from 1210 
tests on open-hearth furnace iron were ultimate strength 57,920 lb./in.2; 
3 deld point, 38,230 lV)./in.^, and per cent elongation. 25.7 per cent. Cupola 
iron, use of which is limited principally to making pipe fittings, is more 
variable in properties. Tensile strengths reported l)y 3 manufacturera 
• Deticribi?d by E. Touceda io Fouridry, Vol. 43, p. 13. 
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ranged from 35,000 to 58,200 and averaged 45,200 and the elonga¬ 

tion in 2 inches varied from 2 to 16 per cent and averaged 7.2 per cent. 
Malleable cast iron is unique in that the elongation increases with the 



Fig. If). —R[^liLl-iun of Ti'ii.sili' StrL‘ii#!:Oi iuul I'UoiigMtion of Miilli'Mbli' C.ist Irons 

(.'‘1 .S. T.M. Sj/niposi ////(., J 1). 

tensile strength. Figure 10 shows reliilions roporled in the syniposium 
and represents several thousand tests. The relations apply only to iron 
without combined carl)on. The A.S.T.M. Standards recognize t wo grades 



Fig. 17.—Strrs.s-.str!iin Curves for Mallo-abli* Cast Iron in Tension (from .1 .*S’.7\.I/. 

Sympon 1 1 in of 1931). 

of malleable cast iron: No. 32510 with a iniiiiimim tensile strength of 50,000 
Ib./in.*^, yield point of 32,500 IV)./in.-, and elongation in 2 in. of 10 per cent; 
and No. 35018 with a miniiiium tensile strength of 53,000 Ib./in.^, yield 
point of 35,000 lb./in.-, and elongation in 2 in. of 18 per cent. 
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Figure 17 shows stress-strain curves reported in the symposium for 
these malleable cast irons. Average values of the moriulus of elasticity 
in tension reported by six im^estigators ranged from 24.000,000 to 
27,900,000 lb./in.- and averaged 25,070,000 lb./in.- The modulus of 
elasticity in compression is approximately the same as in tension; in bend¬ 
ing, values usually run from 22,000,000 to 24,000,(U)0 Ib./in.- 

Iii compression malleable cast iron lakes a permaneid set of 1 per cent 
in the vicinity of 28,01)0 ll^./in.- 

In ci'oss bending the extreme fiber stress at maximum load computed 
from the Ilexure ft-nnula S = Mr/T approximates twice tlie (ensile strength 
of malleable cast iron wlieii tested in s<)lid square or c>dindiir'al sections. 
For f-in. cylindrical specimens tested on a. 12-in. sjKin, tlit mmuIuIus of 
rupture is usually 85,000 to 100,000 Ib./in.^ and Avork to inaAimum load 
is generally al)ove M50 in.-11). per cu. in. 

The shear strength [q)pri)xiinates 48,000 lb./in.-’ and the ‘Inair moilulus 
of elasticity may be taken at 10,000,000 lb./in.- d'he modulus of ni|)ture 
in toi'sion based on 5 tests averaged 58,000 Ib./iii." and (lit' yield point 
24,850 ll)./in.- 

Brinell hardness of malleal)lc cast iron usually lii^s beiwi'en 100 and 
140, averaging about 115. 

In the wedge or curling test for toughness and ductility good malleable 
cast iron will wit list ami 25 to dO blows prior to fracture. 

In fatigue the endurance limit has not beiai thoroughly investigated but 
availalile data indicate that it is 0.4 to 0.5 of the tensile strength. 

lleinoval of tiu‘ skin from hlack-lnairt inalhadile cast, iron produces 


little elTeet on tlie tensile stnaigth and 
yield jioint, as indicated by the data 
of Taljle 7- 4die data in the table 
do demonstrate that the skin is more 
ductile than th(‘ core metal. Other 
tests were rejiorteil by II. A. Swartz 
in Pror. A.S.T.M., Vol. 20, Ft. 2, p. 
70, in which specimens ground before 
annealing were t(‘st(‘d and compared 
with specimens which had the skin 
removed to a depth of xV in. lliese 
showed that tlie tensile strength was 
reduced about 7,000 Ih./in." and the 



Dinmi li'i, in., ufi Cwt 


elongation in 2 in. was reduced about 
3 per cent for specimens J in. in di¬ 
ameter, whereas the effects on these 


Fig. 18.—FroiuTlics of MHllcahlri 
Cii.st Iriiii S|>i r;imi‘ii.s not Alachiiual 
(H. A. Swartz). 


properties became les.s as tlie diameter of the test specimen increased and 


was negligible for specimens 1^ in. or over in diameter. 
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There is an appreciable effect on strength and ductility due to diameter 
of the specimen as shown in Yig. 18, which is also taken from the tests by 
Swartz and reported in the A.S.T.M. Symposium^ 1931. 

TABLE 7.—TICSTS OF MALLEAIiLE IRON TEST BARS IN "AS CAST” CON¬ 
DITION AND MACIlTNi:!). {Irmn A.S/l\M. Syjnposium, 1931.) 


Iron made by Frazer anti .Iniit's Co. in 1920 ; tcsi.s marlR liy Robert W. Hunt Co. 



I)iB.iriptPr tif 
Hiir an I'uhI,, 
ill. 

JIow Testetl 

Tensile 

.StreriKth, 

It), per sr|. in. 

Yield 

roiiit, 

lb. per sq. in. 

Elongation 
in 2 in., 
tier cent 

Reduction 
of .Area, 
per cent 

Nu. 1. 1 

.■i 

H 

:i 

4 

A.S pa.*!! 

Machined to ^ in. 

5.0,720 

55,380 

3.5,410 

3.5,350 

20.0 

22 5 

30.8 

22.6 

7 

fl 

Machined to in. 

54,080 

34,050 

21. .5 

21 .7 

1 

1 

.Machined to ^ in. 

.5.5,140 

35,800 

10.5 

16.0 

No. 2. 1 

.■! 

k 

4 

A.h caai 

MachiiiLMi to ^ ii>. 

55,880 

.54,840 

35,040 

35,310 

25.0 

20.5 

26.2 

19.7 

7 

>i 

Mar'hiiied In ^ in. 

.5.3,740 

34,080 

1.5.5 

14.2 

1 

1 

Machined to ^ in. 

53,000 

.34,500 

14.5 

13.0 

No. 3. 1 

5 

H 

4 

A.S ca.st 

Mil chined to ^ in. 

.50,580 

.55.5.80 

34,fl00 

35,7()0 

21) 0 

24.0 

30.8 

24,0 

i 

Machined to ^ in. 

55,400 

3i;,.320 

24.0 

20.5 

1 

1 

Machined to ^ in. 

.51,820 

35,370 

21.0 

22 1 

No. 4. 1 

i 

3 

4 

Ah ca.Ht 

Machined to « in. 

55,440 

55,200 

35,220 

.35,0110 

26.0 

23,0 

20.4 

24.3 

7 

« 

M a chin nil to ^ io. 

54,420 

35,310 

20.0 

21.1 

1 

1 

Machined in ^ in. 

54,540 

35,140 

23.0 

22.6 

No. 5 . 1 

r> 

H 

4 

Ah co-st 

Machined to in. 

55,200 

55,.3 SO 

35,310 

35,340 

20.5 

22.5 

20.8 

23.5 

7 

H 

Machined to « 

55,020 

35,340 

21.5 

19.2 

1 

1 

ATuchined to 'jj in. 

53,840 

35,370 

24.5 

22.9 

Nd. tt . 1 

1 ^ 
ti 

4 

A.S cast 

Machined to ^ in. 

.55,120 

54,840 

33,720 

35,120 

26.0 

26.0 

29,2 

25.1 

A 

Machined to in. 

55,240 

34,310 

23.0 

23.2 

1 

1 

.Mai'iiinc^l to in. 

54,020 

31 ,()50 

24.0 

22,6 


For several years the students in the Materials Testing Laboratory 
at the Universit}^ of AVisconsin have broken J-in. round bars of air-fur¬ 
nace malleable cast iron over an S-in. span in a Uussell impact machine 
(pendulum type). The majority of these specimens had energies of rup¬ 
ture in impact in excess of lOOU in.-lb. per cubic inch and quite a number 
have withstood 2000 in.-lb. per rAil)ic inch without rupture. 

The malleaV)ility and toughness of malleable cast iron made in Germany 
are well illustrated in Fig. 19. The plain bar represents tlie original shape 
from which all other forms were worked. In one case the ends of the bar 
were folded over and then welded together, while in another the metal 
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forged like wrought non The lemaining forms weio deformed witliout 
heatnig 




lit, 10- L\inipl(^ (if C ulil luiiiliiic;, lolling mil Wilding of M illi ilili ( iron 
>i])i r iiiK n‘^, ill btiiiK (ln^milh liki tin I inh foiiin cl 11 ii iii tin Ctiilii {litrhn 
1 iiiiiiig Lnhoruionj (Unntnu \ ol 4, PI d ) 



CHAPTER XXVI 


NON-FERROUS METALS AND ALLOYS * 

COPPER 

7B0. Production of Copper. —Copper ores are airioiifr the most widely 
disseminated. Valuable deposits are fouiul in nearly all countries of 
oontinental luirofie, in Jujian, Chile, Mexico, Canada, Spain, Peru, Aus¬ 
tralia and Africa. The United States, however, produces about two- 
fifths of tlie world’s supply. The states which lead in tlie production of 
smelted coyiper are*: Arizona, Utah, Montana, Nevada, Michigan, Alaska, 
and New Mexico. 

In general, cop))er ores carry a nuieli larger jirofieirtion of earthy mate¬ 
rial than tlie orevs of iron ami rartdy eeintain more* than It) or to ]i(‘r cent of 
copper. The threi'. principal groups of eo[)])i‘r-l)earing on*s in order of 
im[)ortanc(' irn^: Tin* sulphides, nativa* cojipt'r and the oxiilized ort's. 
Among the sul])hides cfmlcopyrife (Cul^\‘Si>, 31.5 ])i‘r (*ent cofiper) and 
chalcociff’ or copixr (jlancc (Cu 2 >S, 79.S per ct'iit co])pi‘r) ai'i* ihi* chief min¬ 
erals. Native c()])per is v(‘ry (wtensividy mined in northern Adichigaii; 
it is alst) fouml in New Mi'xico, r(*ru and China. In the IVlichigan th'posits, 
native (‘oi)}H*r is found scattered through the lodes in ])arlich*s of widely 
varying size. It constitutes up to 4 per cent of the ori* mim‘il and is 
generally very pun*, although occasionally contaniinati‘il Avith ars(‘nic; 
it is often called “liidu*” copper. The oxidized ores an* derivatives of the 
sul])hid(\s wliicli have be(!M broken dmvn liy the action of air and Avater. 
The more imjiortant are: C?fpn7r, the red oxide of (*o])per (('U 2 t), 8S.S 
jier cent co|)jier), and the green carbonate, rnakuMie (CuCO:i-|-Cu(()H) 2 , 
57.3 j)er ceid cojiper). 

Nnirly nil rnpyicr is [‘xtranted hy sint'lting; ii small proportion is dcrivpil by wet 
methods in which the ropper is withdrawn from the ore in the form of a sulphate or 
chloriile. Fhn oxifliz{*d ores are readily sim*llP(l in a special type of blast fiirnaie using 
coke as fuel. liake coyiper ores are lirst roncentrated to form a mineral containing 70 
per eo!it or more copper, which is then smelted in a reverberatory funiiice. The sul- 
phides, however, recyuire i\ more eomplieateil treatment, .since it is not pos.sible to reduce 
them directly to metallic eoyiper. Smelting of the .suly)hi(h*. ores is (‘ommonly done as 
follows: The coarse hiin|)y ore is smelled in a blast furnace with or Avithoiit y:)revious 
roasting of a Avholc or y)art of the ore charged, 'riie fine portions are usually roasted in 

* References; 7Vif Mvtiillnrgt/ of the Non-Frrrous .Ifrfo/.s l)y W. Gowdand, Alloys and 
Their huiusirml Applicaiums by E. F. Law, Metallic Alloys b}’ G. II. Gulliver. 
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reverberator>'^ furnaces. These operations serve to I'onrentrate the copper of the ore 
into a matte consisting principally of conper aiul iron sulphides with more or Jtvss of the 
sulphides of iiit'kel, zinc, silver, and lead. Keiiieval of the major jniirlion of the iron 
and aulphur compounds is clTected by placing the inollen maltc in a cniiverter and 
oxidizing it with an air blast which enters just above the bath. After the smelting 
operation the crude l■□J)pe^ blister copper") is cast into small pigs. 

Refining of tlie crude cop]>er may l)e accomplished by melt mg in a reverberatory 
furnace, or clectrolytically. Refining in liio reverberalorv fiirnace is brought about 
l)y further nxidatinn of sidjdiides and by the cleansing art inn exerted lyv eiiprous oxide 
on the base metals in the erude copp»'r, (lu‘ oxide biaiig foirncil by air blown iijinn the 
molten bath. Since a large excess or a dcliciencv of cuprous oxiile in the copfier will 
make it weak and lirittle it is neei'S-sarv to remove any excess which remains after tin. 
impurities have been skimmed niT. 'I'his is aecointilislieil by addilioiis of ch;iri*oal, and 
grecinvood to the bath until tin* fraetiire of lest ingots presiads a flat s.ihnci'-n'd surface 
of silky texlurc. The roppi'r is tlnai at ‘‘ tougfi pitcli " and is ready lUr casting. Fire 
refining is used to give iTude cni»per fhe malleability, [hirlilily and tougliness esstuitiul 
ill ])lates, tubes and wires. It is also iiseil to reline roppf'r for alloys ami to jiartially 
riTiiie nietal for anodes in the I'li'ctrolylii* ])roi‘ess. 

hdectrolytic refining is used when an (‘specially ]nin‘ gradi' is \Nan(eil for cleclricid 
purjioscs, also wi eii tlierc is a considerable ijiiaiitity of gold < :• • iIvtT associal lal with the 
crude r'upjier. It is accomplished by passing a current IhiiMigli a co|-p('r sulphati’ solu¬ 
tion from an anode consisting of crude cojitier, or partially relined i‘(»pp('r, to a cathoile 
of pure coi)i)i‘r. Ry this method puri‘ coppia- from tin* anode is plat(‘d ujam the (aithode 
and the iirecious intdals sellle to tlii' bollom of the bath. 

Coppt'i’ for i‘l(M‘trii iil ])uipns(‘s slnuihl cDiiluin li'ss fluni 0.1 jx'r cpiif of 
iiiipuri(:i(‘^s (silvor liciiig counted as copper). ('opper for callings gtuierally 
carrit'S less titan 1 pn' vvui of iiii|iurities. 

781. Properties of Copper. Ifesidi's |)ossessiiig higli ri'sislaiice to af- 
mospheric corrosion 
made very strong 
very fotigli and mal¬ 
leable by suita,l)I(‘ 
treatment. 

The first and 
most general I'rrnr 
to guard against in 
the matter of the 

tliat of ignoring tin* 
mechaiiieal treat¬ 
ment to which the 
material has been snbjeeted. Thus, in the ease of copper plate, as 
shown liy Fig. 1, a hot-rolled plate has an tdastie limit of only some 
7000 or 8000 lb. per sq. in,, with an elongation of 50 per cent, while 
the same plate, cold-hammered, has an clastic limit of over 20,000 lb. 


strength of eop))er 
arul its alloys is 


and liigli i‘h‘etrieal eondiieti\'ily, eoppi’r may lu^ 



Fir;. 1.— d\vi>ic;il Hln‘ss Didgr.irns fur (!npper Plate J-in. 
d'hick. (Martens, Berlin Tenting Lab. Cminiunicfitions, 
1894.) 
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per sq. in., with an elongation of 30 per cent. Both have an ultimate 
strength of about 33,000 lb. per sq. in. When simply cast, without rolling 
or forging, both the elastic limit and the ultimate strength are much less, 
but copper is seldom used in this way. 

The combined effects of mechanical and heat treatment on strength 
and ductility are well illustrated in the process of wire drawing. Thus 
the strength of hard-drawn copper wire will vary from 50,000 lb. per S(p 
in. for wire 0.5 in. in dianu'ter to 70,000 11). per sq. in. for wire 0.05 in. in 
diameter and tlie elongation will decrease from approximately 4 to 0.9 
per cent. When annealed, wirc^ of the above sizes will have a strength 




El0n£ruUi)n jjiir In. 


Fui. 






Fig. 2.—iShnwiiiK a Liin^iir llt'lalion Vjotwnon Ilialurtioii nf Area uf ScMliDii iinil tin' 
Unit, Stri‘s.'< on tho Aclual Hoction of Kolloil Co|) 1 )cj* riiito J- in. Thirk. {Uept, 
Frtiiich (^om., Vol. A, PI. •].) 

Fig 3.—Typiral 8tros.s Dijignini for Drawn Coi)j)Rr. (7V.s^,s' of Metals, 1880, Vol. 2, 

ji. 1073.) 


of 35,000 to 40,000 11). per sq. in. and an elongation of 35 to 25 per cent, 
being stronger and less ductile in the smaller sizes. 

If tlic stre.ss in a (;oppi*r rod lie computed for the actual cross-s(a*tir)n 
at every stage of a tensile test, and the values so gotten be plotteil against 
the diiiiinishing cross-sectional area, tlie points will lie in a straight line, 
as shown in Fig. 2. Tins shows that the timacity of eoi)i)(‘r increases 
regularly up to rupture with the reduction in area due to cold drawing. 

The elastii' limit of medium and hard-drawn copper wire lies l)etween 
50 and 60 \wr cent of its tensile strength. The metal does not, however, 
exhiliit a v\'ell-defined yield point like steel, see Fig. 3. The modulus of 
elasticity of hard-drawn copper wire generally runs between 14,000,000 and 
17,(X)0,00(J 11). [MM- sq. in. 

Hard-drawn copper may be annealed V)y heating to a temperature of 
400® C. (752° F.). Rapid cooling does not interfere wdth softening of the; 
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metal but repeated alternations of overstrain and annealing at the higher 
temperatures ca-jse a marked growth in crystal structure, Effects on 
strength of viire of h( 3 atiiig to various 
temperatures and quenching are shown 
in Fig. 4. 

The electrical resistivity of copi)or 
having less than 0.1 jK^r cent of non- 
inetallie inqnn itii's lies between 0.155 
and 0.150 ohm per nu'ter gram at 20° 

C. The resistivity incrt'ases with the 
content of impurities and with amount 
of wire drawing. 

782. Uses of Copper.—The major 
portion of the iMqqier pr oil need in this 
country is ustal for idiatrical purposes 
on ac(;ount of its high eondiudivity. 

About one-fourtli is us(*d in making 
brasses and l)ronz('s, and a smaller 
proportion is rolled into sheehs for 

tubes for 
conductors 
coiiosir)]! and 
and flexibility. 



roofing and sheiding, into 
condensers and for- other 
which must withstand 
possess fair stnmgth 


Fin. 4.— KlTiM’t.s [)f llriiiinu; Ilaril- 
ilniwii (’Dppcr AVircs to Various 
Ti‘iiij)i*ralures luul IIumi (Jueufli- 
int:: ill AVatcr. ( Martens, Jicrlin 
TvsIukj Lah., 18!) l, PI. J.) 


Copper is also cast and beaten into various ornamental foiins. 


ZINC 

783. Production of Zinc.—Like copper most of the world's supply of 
zinc is obtairual fr om sulphiil(3 ores, zinc, ltlm.de or- }>lack jack (ZnS, 07 per 
cent zinc), which ordinarily carry from one-third to one-half zinc. The 
ores are very often found associated with the sulphides of lead (galena), 
iron (pyrites), and copper. The principal sources of supply are Belgium, 
Germany, Ckmada, Poland, and Great Britain, and within the United 
States—Oklahoma, New Je.rse 3 ^ Kansas, and Idaho. Zinc carbonate, 
calamine (ZnGO;n 52 per cent zinc); tlu' zinc silicates Hemrmorphite and 
Willemite, and Franklinite (an ore of iron, manganese and zinc) form less 
important sources of supply. The carbonate is of chief importance in the 
Mediterranean countric\s while the silicates and IVaiiklinite are the sources 
of an imptirtant supply in New J(*rscy. 

The priniupal features in the extraction of zinc from its ores are the reduction of the 
sulphides and carbonat^^s to the oxiile form and the subsetiueiit distillation of the oxide. 
The sulpliide ores arc finely ground and slowly roa.sU;d in reverl>ertitory furnace.s until 
nearly all of the sulphur is expelled. Carbonate □re.s and silicate ores are often calcined 
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in shaft furnacRS V/efore being distilled. After roasting or calcination, the ore is mixed 
with a nearly equal amount of finely ground coal and shoveled into fire-clay retorts. 
By carefully controlling the teiiiiieriiture of the retorts at a white heat, carbon monoxide 
iS produced and the zinc, thus relieved of its oxygen, is collected and cooled to liquid 
form in condensers. Froin tiI^l^ to time molten zinc is tapped from the condensers, 
skimmed and jxjured into molds. The zinc so cast is ['idled spelter. Most of the 
spelter maile in tlie Unilerl States is sufficiently ])ure for industrial purposes. When 
contaminated with learl or iron, it is furthtir refined l)y melting at as low temperature 
a.s possible. By s[j tloiiig a .se])aration of these metals is elTected through the differ¬ 
ences in their spiMafii; gravities. In Ullo the electrolytic refining of zinc on a commercial 
basis was successfully begun at several places. 

7B4. Properties of Zinc.—The iiHist important property of zinc is, 
without dnuht, its nt-i-stMiicc to atmospheric corrosion. How^ever, in 
orthu’ to make use t)f it for ])rotcctiv(‘ purposes, as in fi’uit jar covers, cans 
and batfery ziin-s when' it must lie flt'fornied into the shape waiiti'd, zinc 
must possess consideralile ductility and strength. Like most metals 
tht' strength and duetililv of zinc arc Jiiucli influenced by composition, 
heat treatnuuit, and mi'chanical work. Obseiwations show that lead 
tenils to mak(' sfU'lter ndl easit'r but it also softens, weakens and reduces 
ductility. ('onsi'ciueiilly it should not exceed 0.1 |)er cent in spelter used 
for making cartridge brass or cojnhajscT tubt'S. Iron and (‘admium em- 
l)rittlc and h.arden ziin‘ and are, tberi'fori', a detriment in spelter which is 
to bi' rolled or used for g:d\ainizing. I'or such purposes the content of 
these elements in tin' sjielli'r sliould be very low, probably not over 0.02 
or 0.03 per (•enl.. 

Data ff)r (‘stimating tla' stri'iiglh of cast zinc are afforderl 1)}^ the tests 
of Iligg and Williams * whicli appi'ar in Tal)le 1. Tlii'y found that small 
differences in the easling ti'inpcrature of tlii' six'lter and slight variations 
ill the tem])f'ra.tur(' of tin' cast-iron molds caused marked changes in the 
sizes of tin* crystals and in the tenacity of the specimens. For exanijile, 
note the wide variation in tlu' tenacity of tlie specimens of the first samples 
of Prime AVestern No. 1 and No. 2 s[)elters. Tin' six'cirnens having the 
maximum strcngtli were mui'li fini'i* grained than those of minimum 
strength. Similar ri'sults were obtaineil in the transverse tests. In 
(■ompression, boAvevi'r, tlie loads earried at a givi'n deformation Avere far 
more uniform. Tlie eom])re.ssioii speeimi'iis also exhiliited a high degree 
of plasticity Avhich was Avliolly absent in tlic tensile specimens. Rigg and 
Williams attribiili' tlie high coinjiressive strengths of the first samples 
of Prime Western No. 1 and Prime Western No. 2 to the high cadmium 
contents in tlicsc spelters. 

The influence of the reduction in rolling on the tenacity of zinc was 
investigated liy Prof. II. E. Moore.t He found, for example, that the ten- 

* Pruv. A. S. T. M., Vol. 18, VI. 1.0. 

Rullvtin No. 52, Eiigr. Kxpt. Sta. University of III. 
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sile strength of the zinc, which was 9060 lb. per sq. in. when east, became 
approximately 22,000 lb. per sq. in. when rolletl mU) plate 1 in. thick, and 
25,000 when rolled into sheets 0.006 in. thick, botti being pulled in the 
direction of the rolling. The strength across the grain (transvei’se to the 
roUiiig) was somewhat higher, especially for very tliii^ slieets, than the 
strength in the direction [>f the rolling, but the ductility was pia)nouncedly 
lower. In the directioji of the rolling the elongation in 8 in. varied from 
4.85 to 21 yx'r cent {nr specimens ranging in tliiekness from 1 in. to 0,006 in. 

Zinc either cast or rolled shows no well-marked yiehl ]>4unt. Moore 
found the limit of proportionality in tension A aried from 21)00 to 5800 lb. 
per sq. in. for tlie s|HH*iniens he tested but nearly all of Ins spcahnens exhib¬ 
ited permanent set at much lower stresses. 


TAhLE 1. -THE s rilENGTH OF CA8T ZIXC^ Obgirs ami AVillinins) 

Moat 01 tlip viilv'.ps rfiirpspii I fovir Irats, loily Oiri'i*. Tpii.sii)ii Irst-pifUt^w uci c likp'Fip:. 3c' 

Cai. Ill, with l-iii. KUKC Tninsvt'risp .s|*iM iim“iis \vi*ir IJ-in ryliTidf r« 1 *i in. loiif» \% illi hjiiim. 

Thf'y wpri! iiol inuc'liimd. ( 'onipri's.sioii apiM-inuMis wi'rc* 1 ii . in (liunuMnr ;inil l^,(i in. Iohr. All tpat- 
pifM'oa wpre gol tnii from 1 i-iii. pyliiulrirnl rnds 17 in. Ioiir rusl on ciul ’ . -Id iron iiiolds. In all I’HstiS 
till' vippnr 2j in. of ilii' i nslinna wen* iliaiurdoii. 
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Moore found the average ultimate slieariiig strength of eleven specimens 
of rolled zinc in punching tests Avas 10,100 11). jier sq. in. and for twelve 
specimens in double sliear 17,100 11). per sq. in. 

From a large nuinljer of tests ))y Mooi'e., the modulus of elasticity of 
rolled zinc lies between 10,000,000 ami 15,000,000 lb. per sq. in., averaging 
about 12,000,000 )b. ix'r sq. in. Six tests on cast zinc in tension gave 
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11,025,000 lb. per sq. in. Four tests on cast zinc in compression gave an 
average modulus of only 6,900,000 lb. per sq. in. 

7B6. Uses of Zinc. —As a protective coating zinc is much used on iron 
and steel plate, boiler tubes, fruit jar covers, cans for resisting corrosion. 
It is used in making shoe nails, zinc ctching.s and the negative pole pieces 
cf batteries. As a constituent of brass, (hirman silver and some of the 
bronzes, zinc is also much used. 


ALUMINUM 

786. Production of Aluminum. —Aluminum is derived from bauxites of 
which the principal eonstituents arc hydrated oxides of aluminum and iron 
with some silica France, Hungary, United States, Jugoslavia, Dutch 
Guiana, and Italy lead in bauxite production. In this country Arkansas, 
Alabama, and Georgia are the producing states. Between 30 and 35 
per cent of aluiniiium is the proportion generally found in the ores which 
are being mined. 

Thn first stri) in prtxii'ss nf cxtmntion of MlinTiiniim is th(‘, profluntion of its oxirlo 
aluiniiiM from hiinxitc. Alutniria is ohtaiiuul hy rojistinp llu^ c oiusL'ly gniiiuliitiMi l)!iiix- 
ite tit ii toinpenitiire sufficient to drive olT tlic wulcr frr)m tlic iron oxiiU*. 'ri]i‘ Iri'iittMl 
bauxite is thou finely grounil nnil heiited unilcr im'ssure for st^vi'iiil hours xvitli :i solution 
of sodiiini hydriitc. 'riiis solution i.s diluted Jind filtered ond :i, little sodium hydiiite 
added to the filtrote. It is then Mditated for si^venil hours to iirei ipitai t; the liydnite 
which is si*p;ir;itiMl, vviished, Mini ^•^d(‘irled at a tem])er}itur[‘ of :ipi)roxii,n;itr‘ly l()0i)“ C. 
The process results in tin* yu-oihudion of ahuniini with perh.‘p)s 1 j)cr cent of the oxide.s 
of sodium, iron and silicon ms impurities. 

Aluminum is extracted hy electrolytic decomposition of alumina in a molten hath 
of oryolite (a fluoride of aluiniini and soiliiiin). I’he eryoliti^ is placed in a shallow 
rectangular he.arih provided with a coke liottoin whiili scrvi^s as the cathode, and 
several vertical carhoii rods .suspended in the Inith, which serve as anodes for the eha-- 
trie current. After the cryolite is introduced into the furnace and inidted l)y the pas¬ 
sage of the electric current, the alumina, is tliroAvn onto the l)ath. As it melts it is dis¬ 
sociated into ahiininum and oxygen, tlie former settling onto the cathode at the bottom 
of the hath while the oxygen goes to the anodes and, forming carhon monoxide, escapes 
from the liath. From time to time a ]>ortion of the aluminum is ta])ped from the fur¬ 
nace and alumiini and cryolite are added to reideni.sh the hatli. The metallic aluminum 
thus obtained usually contains from 0.2 to 2 ])er cent of silicon and iron as impurities. 
"Pure," or No. 1, aliiiniiuim usually carries about A per cent of these impurities. 

Refining of uluinina is done principally in the United States, Germany, 
U. S. S. R., t'iinada, France, Switzerland, and Italy. The production of 
aluminum is incrca.sing very rapidly, especially in the United States and 
Germany.' The entire iiroduetion of the world i.s nearly 500,000 tons. 

787. Properties of Aluminum. —Aluminum is a white metal of high 
metallic luster. It is liardrr than tin, having in rolled fonu a hardness of 
approximately 40 on Brineirs scale. Being second only to gold in malle¬ 
ability, it can be rolled into sheets 0.0005 to 0.0006 in. in thickness and may 
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be hammeied into leaves miioh thinner. Aluniinuin is one of the lightest 
of the metals of eonstruetion and, in proportion to its weight, veiy strong. 
The spc'cific gravity ranges froiii 2.50 for eastings to 2.7 for the densest 
types of nieeliiinieally worked parts. It is less diietile than copper but 
excels zinc, tin, and lead in tliis respect. Thi‘ results given in Table 2 


TABLE 2.^1 EXSITJ: PlU)PEiniES OF ALUMINUM 
(Alloys UestMrfh Uoiiiiuit.tLnv) 

Composition;—A1 — !)().o:i— .M, Si ==0.24— 0.31, Fc —0.12 —O.H per font. 
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StUKNOTJI l.M T.II IN.- at 

Per t'riil 

Pnr (‘Piit 
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SI .2 

Cold ilrawii In IJ-iii. diaiiiptpr. 

i!),rj0() 

11),050 

19.5 

73.3 

Cold drawn lo jj-in. dijiniptpr and ao- 
noalpil. . - . 

i(»,r)2() 
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2;;,i) 

S2.0 

Rnllpd into slippts j-in. Ihick. 

is,7r,() 
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III it in. 

10.0 


Rnllpd intr) sliptd.s {-in. thick and an- 
np/ilpd. 
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4 1 .0 


Rnllpd into shiaMs /u-in. thick. 

20,290 

1 !),270 
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Rolled into sheets -in. tliick ioid an¬ 
il ca ha 1 . 

13,220 
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Rolled ioli) sIk’cIs tliick. 
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1S,S20 

3.7 


Rolled into sheets j\ 7 -in. tlnek and an¬ 
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13,000 
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30.3 



shf)w tin* tensilt* pj opeitit .s of pure aluniiiiiiin as didta'inimal by the Alloys 
lleseareh Conunittee.* When hard-drawn into v(‘rv fiiu> sluH'ts or Aviro 
tlie ultimate tensile strength may leac-h 40,000 Id 50,000 lb. per sq. in. 
The eompressivo strength of east aluminum in cylindrical spta'imens with 
length twice tin* diameter is 12,000 per sq. in. and tlie elastic limit 3500 lb. 
j)er sq. in. according to reports of the Aluminum C^jinpany of America, f 
The modulus of elasticity of l ast aluminum is approximately 0,000,000 lb. 
per sq. in. 

The coefficient of electrical conductivity of aluminum is about 62, 
silver being 100. On account of its light weight, a bar of given length is 

* Spp. Eighth Report, Prnc. Inst Mech. Enjr., 1907, Pt. 1, p. 57. 
t Seo Properties of Aluminuiiij published by the company. 
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twice as good a conductor as a copper bar of the same length and weight. 
However, owing to the superior resistance of copper te repeated stress and 
its lower coefficient of thermal expansion, it is generally preferred to 
aluminum for transmission purpost^s. 

Aluminum castings contract about 0.2 in. per foot in cooling from the 
molten state and are quite l)rittle (hot short) when solidifying. Aluminum 
may be cast either in sand or chill molds. With sand molds great care 
must be exercised to use sand as dry as can be worked and to avoid hard 
ramming of molds and cores. In pouring, the temperature of the metal 
must lie kept as low a.s pos.silile and the rate of |)ouring must be very slow. 
Aluminum castings are (juitc open grained, consequently due allowance 
for porosity must be made in designing the thickness of cylinder walls 
and pressure tanks to b(‘ made of it. 

Aluminum parts can In) annealed by gradually heating to temperatures 
between 350 and 500° (■. and allowing them tt) soak for a short time at the 
temperatur(‘. which has biMai found suitabh' for the given class of work. 

According to manufacturers statemtMits,* aluminuin is highly resistant 
to the attack of nitric, acid, is slowly dissolved by con(amti*ated sulphuric 
acid and is soluble in hydrochloric arad. At oidinary temperatures sul¬ 
phur, carbolic acid, salt w^ab'r, vinegar, sea waiter, carbonic oxide, and sul- 
phunttt'd hydrogen do not attack it; lint it is rai)idly (airroded by the 
caustic [dkalies. 

788. Uses of Aluminum.—On account of the softness and porosity of 
aluminum castings and the superiority of its alloys with copper or zinc, 
litth' alumiiuuu is us(‘d in cast form. How'cver, it can be worked at 
much lowa'r tem|)i‘ratun‘s than iron or cojiper ; and, inasmuch as its density 
and mechanical jrroj)iMties are greatly improved by rolling, heating, draw¬ 
ing, extruding or dioji-forging, it is much used after such treatment. Veiy 
light tubing and w ire ai‘(' drawn from extruded s(‘ctions of aluminum. It 
is rolled into slunds which in turn, may be stamjaal into a variety of shapes, 
in many cases w ithout aiuu'aling. 

Aside fia)ni the uses nnaitioned, aluminum is employed for portions of 
automobile l)odii‘s, for cylinders and pistons in automoliile and aeroplane 
engines, for tips on bullets, for rivets, and kitchen utensils. 

LEAD, TIN AND NICKEL 

789. Lead.—Nearly all lead is derived from ores containing lead sul¬ 
phide, (jaJvna (P1)S, 86.(i per cent lead). Lead carbonate, cerussite (PbCOa), 
and lead sulphate, anglcsiie (Pl^SO-i), are formed by decomposition of galena 
and sometimes constitute the outcropping portions of the galena ore 
deposits. Lead ores are comparatively lean, averaging in the United 

* Sec Properties of Aluminum. 
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States aV)Out 5 to 6 per cent of lead. The United States, Spain, Germany, 
Mexico and Australia nonnally produce over foin-fifths of the world’s 
supply of lead. Within the Ihiited Sttates the chief sources of lead are 
Missouri, Idaho, Utah, and Alontana. 

Lead is extrarted from its .siiliihide ores, pcnerally in tv o steps. The i)rpliininiiry 
operation CDiisists in reiiiicinp; the sulphur enntent by roasting; the raw nre in i)ots or 
sintering it in shallow pallets. It i.s then sirielteil in a blast fiirnati*. The imnlurt-s 
of the blast furnace are; lead bullion, eonlaining more nr less antiimniy, arseiiie, eopper, 
iron, silver and gold as impurities; a matte earr^dng copiuT anil the remainder of the 
lead; sonietimes a speise rontaining arseniiles of iron and trai-es of the preeiuus nietahs; 
and slag. If the luilhon parries nnieh of the imj)urities or tlie preiaous metals it is 
refined in reverberatory furnaces. The matte and .si)eise an* further treated to remove 
the lead which they carry. 

Lead has a blue gray color and exhiliits a dull metallic luster when 
freshly fractured. Ihxposure to moist air causes oxidatioo and loss of 
luster. I^^ad is so soft that it may be scratclied witii the lingta' nail and 
so malleable that it can be readily rolh‘d into viuy {'.in sluads as in thin 
foil. It lacks (luel ility, however, and cannot , lherel“(‘^t‘, be dravvri into fine 
wire. Lead is formed into pipes with hyrlraiilie j)ri‘s.ses wliich f‘xtrude the 
hot metal through dies. Ibdli thi' softness ami tlu' speialie gravity of lead 
are redui*ed by the. presence of the commoii impurities aJitimony, arsenic, 
zinc and eojijiiM*. Magnesia, however, lias a still moie jiowerful imrdeiiiiig 
influence, only 2 per cent lieing requirtal to ]‘ais<‘ the Ibiiudl liartlness of 
pure lead friiin about 6 to 20, Pure lead pig.^ Iiavi' a ilull, dear! .soimd 
when struck witli the hammer, Imt the presenei* of impiiriti(‘s iiu:r(‘a.se,s 
rcsouaiice. Leatl (tastings .shrink about in. piT foot in cooling. 

The tenaeityof east lead gtaierally lies l)et\veen ir)00 anil 2000 lb. per 
sq. in.; in hard lead wire the stiiaigth uiiiy jtaich 3000 lb. jier sip in. 

For the manufaeture of slieets, i)i])es, solder, pi'wter aiifl white lead a 
pure grade of lead c:ontaining less than O.J [ler cent impurities is wanted. 
For bearing metals and stJim* of the alloys, hard lead wliich carries from 
15 to 20 [ler cent of anlinionv is often used. 

790. Tin is ulitained in the Federated Malay Stati\s, Bolivia, Dutch 
Ea.st Indies, Siam, Fjiiglami, Auslialia and Africa from the Vdack oxide of 
tin, cas.siterite (Sn02, 78.0 ])er cent tin). The tot:d output of tin is about 
170,000 tons annually. The jnincipal deposits of the ore are found in 
alluvial sands, wlieiice the name stream tin, and in vidns or lodes, called 
lode tin. Stream tin deposits commonly contain less than 1 per cent, 
whereas the lode ore carries about two-thirds tin. 

Stream tin ores are concentratcil by wa.shing and roasting propesse.s and lode ores 
are crushed. Ores containing large arnounts of sulphur or iirsenie are roasted to oxidize 
these impurities. After these preliminary trfrMtrrient.s the dressed or roasted ore is 
smelted at a high temperature (1000"" C.) in a reverberatory furnace, or, if the ores 
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are very pure, a blast furnace is sometimes used. The crude tin thus produced carrier 
more or less iron, copper, lead, arsenic, antimony, and tungsten. Since many of the 
alloys of tin and its impurities have higher melting-points than the pure metal, the 
latter can be separated by raising the temperature of the crude tin just above the melt¬ 
ing-point of pure tin. Further refining is brought about by aeratii g the molten tin 
through violent agitation, thus producing more complete oxidation of the impurities. 
This is accompli.shed by submerging log.s of greenwood in the bath of molten tin (poling) 
or by repeatedly pouring the molten tin from ladles (tossing). 

ConsideraVjle quantities of tin are now recovered by electrolytic and chemical methods 
from scrap tin plate. 

The l)esi grad(\s of Asiatic tin carry less than 0.1 per cent of impurities; 
but the lower grarles from China and Bolivia, and tin re«?overed from scrap, 
may contain from 1 to 5 jku’ cent of impurities,—lead, aiiLimony and cop¬ 
per Ixdng tlie principal as.sociated metals. 

Tin is a silvery-wdiite, lustrous, and extremely malleable metal as is 
evidenced by its forru in tin-foil. Its specific gravity is 7.3 and it melts at 
232° Cb but doi‘S not volatilizt‘ until the temperature is raised above 1200° 
C. Tin is harder, more ductile and soinenvhat stronger than lead. The 
presence of iron, copper, or lead renders tin harder and more brittle, 
whereas small pcircentages of arsenic and antimony redu(‘(‘ its strength and 
hardness. The due tility of cast tin is influenced by the castingtemperature, 
too high or too low temperature causing brittleness. Reported values of the 
tensile strength of I in vary from 2500 lo 5000 11). per sq, in. In diietility it 
equals soft steid. Tin is somewhat stronger in compression Ihaii in tension. 

The. resistance* of tin to corrosion has led to its use as a c-oaling for thin 
sheets of soft steel. Sheets coat ed wdth pure tin, “brighC’ tin, are used to 
make cans, utensils and furnace pipes. Sheets coaterl with a lead-tin alloy, 
*‘lernc^’ plates, are used for roofing. Consideral)le tin is also used in mak¬ 
ing the bronzes and other alloys and a small proportion is made into tin-foil. 

791. Nickel is gotten almost entirely from two sources, the nickelifer- 
ous magnetic pyrites found in the Sudbury District of Ontario, Canada, and 
to some extt'iit from the hydrated nickel-magnesium silicate of New Cale¬ 
donia, an island east of Australia. The pyrite ore usually contains about 
3 jK'r ctMit ni(*ki'l, 2 i)er eiait copper, with iron and sulphur constituting 
the major portif)n of the residue. The silicate ores generally carry from 
(i to 8 i)('r cent of nickel. About 100,000 tons is the world's yearly produc¬ 
tion of metallic nickel. 

In orrlpr tn extrm'l iiirkol from the siilphirto ores, it is first neressary to roast the ore 
to reilvirc thn sulphur cniiteiit. The roa.stiHl ore is then smelted in a blast furnace and 
a crude matte of nirkel, iron and copper is formed. IJy Bes.semerizing this matte the 
iron is removed, leaving a more pure matte of copper and nickel sulphide.s. Nickel with 
1 to 2 per cent of impurities may be obtained from the Hessemerized matte by smelting 
in a reverberatory funiaee with coke and sodium sulphate. By this process the copper 
and iron are formeil into a matte of loAver specific gravity than nickel sulphide. The 
nickel sulphide is withdrawn from the bottom of the molten bath and resmelted until 
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the desired purity has been obtained. It is then roasted to form nickel oxide which can 
be I educed to metallic nickel by smeltinp; with charcoal in iron tubes. 

"1 he Bessemprized matte may be more completely puriileii by the Monti process. In 
tliL latter process the matte is first criisiied, ground and roasted. The oxides are then 
treated with dilute sulphuric acid to remove the major portion of the copiier. The 
residue is partially reduced by hot producer gas and volatilized at a lower temperature 
into nickel carbonyl. By pa.ssiiig the latter through a heated tower tlic inirc nickel ia 
dejiosited in granular form. 

Nickel is a l)rilliMiit motal approaching; silver in color. It takes a g;ood 
polish and docs not tanii.sb or coiTodp in di'y" air at ordinary tonijK'ratures. 
The melting-point of nickel is ubout 1500° C., its specific gravity is about 
8.3, when cast, and S.7, when rolh'd. Nickel, if attrai*t('d by a magnet, 
l)enomes magnetic l)ut loses its magnetism wlien heated to 3d()"' (\ It is 
almost as liard as soft stiad, far more mall('al)le, and wlien rolled and 
annealed, is somewhat stronger and almost as ihictile. Nickel is rendered 
brittle Yiy the pre.seiiee oj‘ small j)(a-centagi^s of r‘Mibon, arsenii-, nii'krd oxide 
and sulphur. Small amounts of magnesium lemha* it more thietile and 
iron makes it liard. The txaiacit.Y of the metal ranges from 75,(KX) 11). per 
sq. in. for thin sheets of annealed nickel to twice ihat value for very fine 
hard-drawn wire. 

Nickel is used chietly in making nickel steel, coins, German silver, resist¬ 
ance wires, aiid in i)lating. 

Momi mtial. ia an alloy carrying ai)Ou1 liO to (>8 per cent nickel, 2 to 4 per <-ent iron, 
2 per cent manganosc, ami tlie nanaiiidiT copp<‘r. It (^an ])e cast, forged, rolltMl, drawn 
into Avire, electrically Avelfictl, .‘^ohlered or brazed and is easily miudiinrMl. q’he melting- 
point is l.j(i0° and the spei’ili(^ gravily in ca.st form is almut S 87. The shrinkage of 
eiustings in cooling is about the same ivi for stei'l, J in. per foot. Momd metal has about 
one-fifth the heat cfnnluctivity of cop])er and oiie-tweiitj'^-lifth of its I'lei tricfd condun- 
tivity. In ajjpcarance it is not flistiriguishable from nickel. 4’he If'n.sile strength of 
Monel metal in casting.s is 1jU,()(K) to 80,000 11). jier .sr|. in., in hot-rollcil bars 80,(KK1 to 
1(K),000 lb. ]ier sq. in. ^'lie yield ijoint is about 50 per cent of the ultimate strength 
in cast metal, and 75 per rent in rollerl form. In ductility it compares favorably 
with soft steel, the elongation in 2 in. ranging from 18 per cent in cast metal to 
40 per cent in rolled rods. The njoduhis of elasticity in approximately 28,1KX),(XK) Ih. 
per sq. in. 

Monel metal is highly resistant to corro-sion and tlie action of sea water, 'rhis val¬ 
uable jiroperty eoiqiled with its great strength, ductility ami toughness make it a very 
useful metal for jjropellers, j)uiiip rods and punq) linings, roofing nurtal anrl for eastings 
and wrought parts which mu.st withstand attack of sea water or mine waters. Inas¬ 
much as the metal costs al) 0 ut ten times as inueh the steel, extended use has been 
limited by the expense involved. 

/brasses and bronzes 

^92. The Brasses—Copper-zinc Alloys. —The most valuable V)rass 
alloys contain from 60 to 00 per cent copper and 10 to 40 per cent zinc. 
The color of brasses ranges from a silvery-white for alloys carrying Uttle 
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copper to a copper-red for those containing little zinc. The color is alsc 
affected by the rate of cooling. 

Brass may be either cast or wrought. Brass for castings usually con¬ 
tains from 30 to 40 per cent of zinc. The addition of 2 or 3 per cent of tin 
serves to increase hardness, but it also lessens ductility. One or 2 per 
cent of lead renders brass more easily turne{l, filed and polished, but 
reduces the ductility and st rength; while 1 to 0 per cent of aluminum mate¬ 
rially raises the strenglh but may lessen the ductility. 

In all cases, when melting copper, luass nr bronze, great care must be 
exercised to keej) the air from tlie metal, in order to prevent oxidation. 
This is done by covering the metal, in tlu^ crucible, with a thick layer of 
powdered charcoal. The copjxa- is first melted alone, in a deoxidized 
flame, and then the scrap brass and zinc (previously melted, these fusing 
^*t a, much lower traiifx'rature) are addtai and the whole stirred vigorously 
to effect a thorough mixing. Sometini(\s this mixing is done after the 
crucible is removed from the furnace. If it is done in the furnace, tln^ 
damiK'TS should Ixi nearly closed to prevent an exci'ssive heat, which woidd 
vaporize the zinc. If iron molds are used they should bt^ heattul and the 
interior surfaces (coated with a mixture of resin (3 pts.) and lai d-oil (1 pt.) 
to prevent adhesion. In jKniring, tlu^ metal must be very carefully skiimned. 
The pattern shoidd 1 k^ made to allow a shrinkage of \ in. iHiv foot. For 
common castings grtxm sand is us(al, but for fine work the molds are dried. 
The leaded brasses are poured quite lict and chilled rapidly, but the bronzes 
are pourt'd at as low a lemix^ratun' as possiljle and into heated molds in 
ordo*r to avoid contraction cracks. 

The nuM'hanical properties of cast brasses of all compositions are 
shown in Fig. 5. It will be ol)Scrved that the conunercial brasses are 
itronger and more*, ductile than either of their components, copper and 
zinc. Electrical conductivity for the l)rassi‘s is, however, veiy much less 
than for copper, lx?ing only 0.20 for brass containing 70 per cent copper. 

Brasses suitaldc for hot working, by forging, rolling or extruding, carry 
from 37 to 45 per cent zinc. Those which are to be extruded often contain 
2 to 4 per cent of lead to make them flow easily through the dies. Lead, 
however, lessens the amount of reduction in w^orking, which these alloys 
will withstand without cracking, makes the metal more porous and more 
susceptible to burning during melting. The brasses wrought into shape 
by cold working carry less than 40 per cent zinc, usually the ratio of copper 
to zinc runs between 2 to 1 and 3 to 1. 

Brasses containing equal parts of copper and zinc are used principally 
for brazing brass goods. They have a very high crushing strength but are 
too brittle to be mechanically worked. 

V Alloys carrying 57 to 63 per cent copper, often called Muntz Meialsj 
are used for bolts, rods, tubes and various extruded shapes. These alloys 
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may be hot-worked but liarden considerably when cold-worked and are 
veiy liable to season cracking. When slowly cool* d from a cherry-red 
temperature tbese alloys have a tenacity of 5o,f)00 to (i5,()0() lb. pc'r sq. in. 
with an elongation in 2 in. of 50 to 00 per ctMit. The limit of propor¬ 
tionality is low, being in tlic vicinity of one-third of the ultimate strength. 



ZinL- 0 10 20 :i0 40 50 W) 70 80 90 lOOZluc 

ComiuKsitlnn in Pur uuiit 

Fig. 5.—Properties of Cast Brass for Varyiiig Proportioiis of Copper and Zinc. (Data 
from U. S. I'est Board 1881, Vol. 2.) 

The strength, hardness and ductility of these allo 3 ^s appear to 1x3 somewhat 
increased by quenching. 

Perhaps the most useful brasses are those containing approximately 
2 parts copper to 1 part zinc, often termed “common” or “standard brasses.” 
They are used for sheets, wire, and man^^ stamped and drawn articles. A 
notion of the wide range of properties exhibited by these brasses may be 
obtained by comparing the properties of castings, Fig. 5, with the plate 
specimens of Fig. 6 and the hard-drawn specimens subjected to various 
annealing treatments, Fig. 7. Brasses of this compositinn annealed at 
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Fig. 0.—Stress DiM.t»:r;ini.s of llolled Briiss ((Ui—Ii7 
per tumt, Zn=;i::{ per cvnl) tiiul Copper. (Frcnrh 
Crnn. liept., Vol. d, IM. Ti.) 


a ehpiry-red heat have a 
Brin ell hardness number 
f)f 45 to 55; when hard- 
ilrawn the hardness may 
reach 150 to 160. 

Brasses carrying 70 to 
75 per cent copi)er find 
use in cartridge cases, 
condenser tubes, tubes for 
l)razing and in spinning 
operations. They have 
good resistances to corro¬ 
sion and excellent cold 
working rjiialilies. In cast 


form, alloys of tliis coiu])osition 
are very ductile. Their stiimgth 
and ductility are not luateriidly 
changed by (luenching. C^old 
working, however, riiisi'S the 
strength of the annealed r)rnss 
from about 15,000 to 80,000 
lb. per sq. in. but decrc'ases the 
elongation in 2 in. from approxi¬ 
mately 50 to 5 i)ej‘ cent. 

With 80 to 95 per cent coppi'r 
the brLLSses take a good polish 
and have a color somewhat like 
gold. They are used for nu'dals, 
cheap jewelry and as gilding for 
percussion and priruer caps. The 
tensile j)roj)(n ties of a hard-drawn 
90-10 brass under various anneal¬ 
ing treatments are vshowii in 
Fig. 7. 

793. Complex Brasses are 
alloys of eopiK'r and zinc with 
one or more other iiu'tals. The 
more important of these are 
manganese bronzi^, naval brass, 
sterro-metal, delta metal and 
Tobin bronze. 

Mafif/ane6‘e bronze is really a 
brass containing very small per- 



Fic,. 7.—The Influence of Annejiliiig on the 
'I'cnsile Properties of Cohl Polled Copper 
and Brass (Grard, Proc. I.A.T.M.j fltb 
Congress Ilib-) 
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centages of tin, iron and manganese. The usual range in composition is 
about as follows: Copper, 57 t)2; zinc, 36-40; tin. 0.5 1.5; iron, 0.5-1.0; 
manganese less than 0.5 and lead under 0.2 per cent. Besides exercising a 
deoxidizing influenee wliile in the bath of molten metal, manganese, by 
virtue of its association witli iron strcjigthens, hardens, and slightly em¬ 
brittles llie brass. Tin also increases liardness. 

Tht^ tensile strength of cast manganese bronze ranges from 70,000 to 
80,000 lb. ]K'r sq. in. with an elastic limit of about one-tliird of the ultimate 
strength. Tlie elongation in 2 in. generally lies l)et\vi'en 20 and 30 per cent. 
In rolled or forged form its strength is slightly inereasial, its elastic limit 
raised to 30,000 or 40,000 11). j)(‘r sq. in. and tlie elongation in 2 iii. is raised 
to 30 or 40 per cent. In compn\‘^sion the strength runs from al)o;it 1)0,000 
11). per sq. in. lor castings to 150,000 lb. p(*r sq. in. for rolled or lorged parts. 
The modulus of elasticity of iiiaiigan(‘se lironzi' is about 16,000,000 lb. 
per sq. in. 

On account of its liigli strength, th(‘ facility with wliieh it may be 
forged or rolled, and ils resislance to corrosion and sail water, manganese 
bronze is use;I et)nsid('ral)ly in maniK' engine parls, for hydraulii' rams, 
cylinders, valve steins, prop(‘ll(‘r Idades and bolts, a,ml condt'iiser tube.s. 
AVroiight manganese l)ronz(‘ jiarts ari' subject to season cracking and 
should always be aiiiie:il(‘d. 

Naval brass is used for siiiiiiar purposes and is imieh liki^ manganese 
bronze in eoinposition hut lucks mangaiu‘se and iron. It is sliglitly weaker 
and more, ductile tlian mangoiK'sc' l)roiiz(\ The teimeity in w i ought form 
ranges from 55,000 in 70,000 11). per sq. in. with an (‘longation in 2 in. of 
30 to 45 i)er ta iit. Naval lirass is also subjer-t t-o season crai’king and 
should bt‘ aniu aleil wIk'vi \iseil in wrought form. 

Sterro metaJ is an irnn-bniss (•[nitaininu: almiil 38 per erni zinr with 1.5 to 2 per rent 
iron and thii rfinaindcr roj;pcr. 11 ha.s bcon u.^cd [or liydraidir cylinders workiiiK under 
Inaivy prcs.suri^.s. 

DdifJ inctiil, hicli is mii iiiii)rovcnioiit on sinrio nirlal, is a iiroprirdary composition, 
or hra.s.s, plarcd on the market siiu'e 1SS3 by a Mr. Alexamler Dick i,J'Indianil). His 
process consists in ijicori)oral iii^ ii furd amount o[ iron by making first a saturated 
solution of iron (about 5 j)er t ent) in mnll en zinc. To [treverd ttxiilalion a littk* phos- 
phoru.s i.s added to the uiell ed cop]>er. Tlie jtrfiporl ions .are variinl for different pur¬ 
poses, having from 50 to 05 per »-ent n)i)|)er, 50 to 30 jjer eent, /ine, 0.1 to 5 per cent iron, 
and sometimes 0.1 to 1 \n^r cent tin. This metal is as slrong and fluelile as mild steel, 
having a tensih* strength, when rolled and aiiiiealeil, of 00,000 t 80,000 lbs. per stp in. 
with elongations ui 8 in. of 10 to 11 ]H.‘r eeiil, resiiectivt'lVj at these limits.* When 
cast in saml its tensile strengLh is 45,000 lb. per sri. in. with an elongation of 10 per 
cent. It i.s also highly resistant to corrosion. 

Tobin fironze is very similar to sterro metal and delta metal, tlie iron ingredient 
being somewhat les.s. Its eoinpo.silion is approximately 00 pur lamt copper, 38 per cent 
zinc, 1 to 2 per eent tin, with small portions (0.1 to 0.3 per cent) of iron and lead. ItB 

* Tests made at Lloyd’s Proving House, as given by Hioma. 
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remarkable properties are due to rolling and annealing. As placed on the market, its 
tensile strength is from 60,000 to 80,000 lb. per sq. in., with an elastic limit of 60 
per cent of its ultimate strength, and an elongation of from 25 to 15 per cent in 8 in. at 
these limits, respectively. It may lie regarded as having the strength and ductility 
of structural steel, with the advantage of lieing non-corrosive. It can be procured in 
sheets from ^ in. to in. thick, and in round rods from \ in. to 5 in. in diameter. Tobin 
bronze is readily forged at a cherry-reil heat either liy hand or by machinery, and also 
works well in the lathe. The elastic properties of this material are shown in Fig. 9. 

\/^94. The Bronzes—Copper-tin Alloys,—Since tin is added to copper 
principally to harden it,— it strengthens copper very little,—the copper- 
tin alloys may be regarded as a kind of hardened copper. The ancients 
used these alloys for tlieir cutting-tools, and they are used now largely on 
account of their hardness and iion-eorrosive properties. The useful range 
of composition is 5 to 25 per taaii of tin and 75 to 95 per cent coijper. 

In cast form tlie tensile strength of these alloys varies from 28,000 to 
35,000 11). per sq. in., maximum tcnafdty oeeiirring for a tin content of about 
18 per cent. The crushing .stiength of cast bronze rises from approxi¬ 
mately 42,000 lb. ]wv sq. in. for pure copiier to a maximum of 150,000 lb. 
per sq. in. for bronze (‘arrying 25 j)er c(',nt of tin. The ductility of the 
V)ronz(’S is low. Cast l)rc)nzes carrying about 4 or 5 p('r cent of tin are the 
most ductile, elongating abrjut 14 i)er eent iu 5 iji. AVith more than 5 por 
cent of tin the alloys b)S(* niosi of tludr malleability when cold. The alloy 
having 12 [xu* ctait of the tin has an elongation in 5 in. of only 3 or 4 per 
cent and with 20 per eent tin it, bi^comes practically nil. Tlu* tenacity 
also diminish(\s rapidly as tlie tin content of tln^ alloy is raised above 20 
[K'r vvut. 

(lun 7)tri(il is one of tin* stronge.st bronzes. It contains al)out 10 per 
cent tin and was fuiiiKuly luiicli used in casting guns. It is now used to 
some extent foi- strong castings. Bdl nuiul is the hard sonorous l)ronze 
carrying about 20 pevr c('iit tin, uscmI in making bells and gongs. By alloy¬ 
ing 2 parts co|j])i'r with 1 ixii t tin a beautiful, hard, perfectly white metal 
is i)rotluced, called spvcuhim mdal, AA^hen j)olished this metal can be used 
for mirrors and reflectors. 

796. Complex bronzes, are alloys of copper and tin with one or more 
additional metals. Among the more useful arc zinc lironzes, phosphor 
bronzes, and lead bronzes. 

The Coppn'din-zitie AUoys. —^A.s shown in Fig. 8, the valual)lc ternary 
alloys are those in Avhich copper forms the controlling element. This 
diagram is based on that [irinciple in geometry which makes tlie sum of the 
normals from any point on the interior of an equilateral triangle equal to 
the altitude of the triangle. If the three altitudes be each taken as a 
scale of equal parts on which are indicated proixirtions (percentages) of 
copper, zinc, and tin respectively, these ranging from zero to 100, then to 
the same scale the sum of the three normals from any point in the triangle 
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will be 100, and hence these three normals may be used to indicate the 
percentages of the three metals which unite to ft)rni the alloy w^hich is 
represented by that point in the triangle.* An alloy of any two of these 
finds its place along one side of the triangle, of whicli llie tliree apices make 
the lOO-per-cent ends of the three metal scales. A little study of Fig. S 
will make this clear. 

The contour-lines on this figure were drawn by J. B. Johnson after 
plotting on this triangle tlie ten.sile strengths of cast bronzes of known com- 


Co|)pi?r too 



Fir;. S.— Thr TcmisUp Strerj|j;th in Foinnls per Sipmre. Inrh nf t 'opptr-zinf-tiii Alloys 
in Form of i Foiiipilcil hy J. U. Jolmsoii, from IttM'onlF of U. S. TfsI 

Jioaril, JSSl.) 


position from all relialtle sources. From an (‘xiimination of tliis chart it is 
at once livitlent lliat only thost‘ alloys near tlie ertpper apt'x are of any 
value, the strongest ]>eiiig, however, near the copper-zinc si tie, where the 
composition is about 59 per cent copper, 39 per ccujt zinc and 2 per cent tin. 
The tensile strtiiigth of such a casting, if properly madti, is about 60,000 
lb. per sq. in. It is too brittle, however, to be of much value. The most 
valuable alloy's are those having an ultimate strength of from 35,000 to 

* This method of representing these triple alloys was first iLsed by Dr. R. H. Thurston, 
Trans. Atn. Soc. C. E., 1881. 
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40,000 lb. per sq. in. tensile strength, with 20 to 30 per cent elongation. 
This is found in the vicinity of 75 to 85 per cent copper, 17 to 5 per cent 
zinc, and 8 to 10 per cent tin. 

It must V)e understood, however, that so much depends un the purity of 
the ingredients and on the manipulation of the process of melting and cast¬ 
ing, that this cliart, or any similar record, must be taken as showing what 
may be obtained ratliei’ than what will be obtained from the use of these 
particular mixtures. 

\y^trovernrmnt bronze or Admirally mdal^ consisting of 88 per cent copper, 
10 per cent tin and 2 pc*r cent zinc, is a zinc bronze much used for valves, 
fittings, gears, and nuts where good strength is wanted. This metal has, 
when cast in sand molds, a strength of 30,000 to 35,000 11). per stp in. with 
a poorly tlefined yield point of 15,000 to 17,000 lb. per sq. in. The elonga¬ 
tion in 2 in. is about 14 to l(i per cent. When aiiii(^al(Ml for a half hour at a 
temperature of 700 to 800° C. the ductility of the metal is much increased 
but the tenacity is practically unchanged. (Government bronze cast in 
sand molds is consideraldy more ductile than that cast in chills. The 
ductility of the latter may be greatly improved, how(‘ver, by annealing, at 
the above-mentioned tem])eratures.* (lovernment l)ronze is not a satis- 
factqiy mi'tal for parts subjected to temptu’atui’es above 200° C. 
\/Pliosp/ior bronze is any coi)per-tin alloy iiiade with phosphorus as ii 
deoxiiliz(;r. Bijsides deoxidizing, it is also claimed that the phosphorus 
causes the tin to form a crystallized compound with the coj)per. It is 
mairdy, however, as a cleanser of tlie melted metal from the oxidt^ of coppia* 
tliat it is valuable. TIu^ phosphorus is added in the form of phosphor- 
copper or phosphor-tin, these containing phosjdiiiles of copper or of tin. 
For a malleable producl, to l)e rolled or drawn into wire, the tin shovdd not 
exceed 4 or 5 per cent, and tlie phosphorus should not exceed 0.1 per cent. 
For hard castings of grc\at strength, as for pinions, valves, Ixiarings, or 
bushings, use 7 to 0 ])er cent of tin and J to 1 per cent of phosphorus. A 
greater aiu[)uiit of phosidiorus, up to 4 per cent, increases the hardness and 
brittleness. More than 4 per cent phosphonis will make the product use¬ 
less. 

Stress diagrams for phosphor bronze arc shown in Figs. 9 and 10. 
The great toughness and high elastic limit of wrought phosphor bronze 
render it valuable for making springs wdiich are subject to coiTosion. The 
best grades of pho.sphor bronze carrying about 95 to 97 per cent copper, 
3^ to 4 iwr cent tin and somewhat over 0.1 per cent phosphorus are used 
with good success in turbijie blades.f 

The United States Navy Department specifies for best grades of phos¬ 
phor bronze castings a niinimum tenacity of 45,000 lb. per sq. in. and an 

"‘See Paper No. 59, U. S. Bureau of Stanclards. 

t JiHir. In6f, Mit dn, Vol. 14, p. 50. 
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elongation in 2 in. of at 
least 20 per cent. The 
composition ranges fur 
this metal are cupj)er = 85 
to 00, tin -- 6 to 11, zinc <4, 
iron<0.00, lead <3.2 and 
phosphorus <0.5 per cent. 
This metal is used for gi'ars, 
driving and main nuts on 
steering gears, and eastings 
n'quiring good l)earing 
quali ti (\s a i. rl 1 1 iglil esistan ce 
to eorrosiuii. 

' ..Jjcad bru}}Zf.>s are much 
used for bearings, uinliu- 
heavy i)ressures. In most 
cases these l)ronzes are 
smelted with a very small 
percentagi'. of phosphorus 
and are calk'd ])lH).s]3hr)r 
bronzes, although the 
amount of phosphorus re¬ 
maining in the l)ro!ize is 
generally well uink'r 1.0 
per cent. WIk'u more than 



Fi(i. '3.—Kcsults of Tension and Coiupri'ssiou Tests 
on 'rlirnc Alloys Used for Valvn Sinus. 3'obin 
Oriiiizp sjM'iinmis vvnn rolliul, ollo'rs une iilaiii 
(‘listings. (Uussiill, Jmir. .l.s'.sor. Knfj. S’or., Vol, 
1.5, j). 207. 'J ests hy ,J. H. JoliiisDn.) 



Fig. 10. —Tension Stress Diagrams of Tust and Rolled 
Bronzes. {Tc&is uf Mciahf 1885.) 


3 or 4 ])('!’ cent lead is 
])n’.sent in bronzi' bearingLS 
it si'gregatt's, forming soft 
spots in the hard matrix 
which rajiidly wear and 
form eaAuties for the lubri¬ 
cant. 

For bearings in contact 
with hard stei'l and sub- 
jectetl to pressures over 
1500 lb. per sq. in., phos¬ 
phor bronze carrying 
about 80 per cent eopper, 
20 per cent tin, and less 
than 1 per cent jthosphorus 
works well. It is, how¬ 
ever, unsuited to high 
speeds, since it is likely to 
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run hot. This motal is suited for turntable bearings and center bearings 
on swing bridges. For heavy trunnion bearings in contact with soft steel 
carrying less than the above pressure and operating at slow speeds the 
copper content may l)e raised to 83 or 85 jicr cent. A very common mix¬ 
ture for accurately lined machinery bearings is the 80-10-10 of copper, tin 
and lead with less than 1 per cent phosphorus. This bronze is easy to ma¬ 
nipulate but heats and wears more than Dr. C. B. Dudley's “Alloy B/' con¬ 
sisting of 77 per cent copper, 8 per cent tin and 15 per cent lead. On the 
other hand th(' It^ad in the latter alloy has a pronounced tendency to seg¬ 
regation during pouring and much skill is required to secure good bearings 
wdth it. It is used b}" the Pennsylvania Railroad for car journal bearings. 

<.J796. Cold Working of Brasses and Bronzes.—As with the ferrous medals 

so with the non-ferrous, (lold working causes densification of the metal, 
decrease's grain size, promotes an increase in tenacity, and decreases duc¬ 
tility. 31ms Davis * * * § has shown tliat sheet brass (2 Cu to 1 Zn) varying 
from .01 to .00 in. in thickness increases in strength directly with the per 
cent rtiduction in an‘ii produced b}^ rolling. For a reduction in area of 
GO per ctmt tlie avt^rage strength was doul)led, the per cent tdongation in 
2 in. was decr(^as(Ml to Ixdwtu'n jV^uitl-jV of the normal value, and the dui:- 
tility as nn^iisurcMl by the cui)ping test (Art. 7!)8) was reduced to about ^ 
of its noi'inal value. Ilirther examples of the effiH't of cold rolling and 
cold drawijig of the non-ferrous nudals appear in Figs. 2, 6, 7 and 14. It is 
probabhi tliat cold drawing causes more dangerous inteinal [leforination 
within parts which are to withstand tensile stress tlian cold rolling or 
hammering, since cold drawing produces tensile stress in the surface layers 
and eoni])ressive stri\sses within, whereas stri'sses of opj)Osite idiaraidnr are 
set iij) by cold rolling or by hammering. 31ie magnitude of thc^ intianal 
strc'sses so jjroduced is quite variable ranging from 30(X) or 4000 II). ])er sq. 
in. to 50,()()0 or 00,CK)0 lb. per sq. in.f When above 5000 or 10,000 lb. per 
sq. in. such stresses seriously impair the strength of tlie imdal, Steps 
should, therefore, l)e taken to remove internal stress by annealing or 
springing as mentioned in tlie next article. 

Although there are, in general, internal stnvsses—necessarily of opposite 
sign—induceil by cold working, the re.sults gotten l)y E. II. Ptarce J work¬ 
ing on hard-drawn cop})er wire sho^v that the hardtaiing effect of such treat¬ 
ment is prai’ticMily uniform throughout the juass of the metal and is not 
cgnfined to the skin as has sometimes lieeii stated. 

797. Season cracking § is a type of failure common to rods, tubes, 

* Prov. A.S. T. M., Vol. 17, p. 105. 

t See Technologir Paper No. 82, U. 8. Bureau of Standards. 

1 Proc. A. S. T. M., , Vol. 17. i). 115. 

§ See E. Hevn in Jour. hiM. Mvtah., Vol. 12, No. 2, p. 3; Technolngic Paper 82, 
U- S. Bureau of SUiulfirda; Topical Discussion in Proc. A. S. T. M., Vol. 18. 
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sheets, rartridpe cases and other articles made of brass or bronze. It is 
especially jirevalent in brasses eoTitaininp 60 to 80 jx'r rent e«pi)er, in 
man^aiuvse bronze, Tolhn bronze, and has been [)bserveLl in ahiininiini and 
aluminum bronze. It may take place when the part apix'ars to be under 
no stress; it may occur in a t)olt or rod after it lias carrieil a normal load 
for a considerable time, or it may hap)>en when tlie brass is jmt into the 
annealing oven. The essential cause of ‘'season craekiiiK’' is initial internal 
stress—prcKluced liy cold work, by burning in of defects, by quenching or 
by cooling strains induced in molding, coupled with one or more of the 
following: 

(a) C'orrosion, the mehd lieing under no external stress; 

(b) Apiilietl stress of less intensity than the normal elastic limit; 

(r) TemiK'j'atur(‘ changes. 

Altliough acting in different ways tlu‘se combinations effect an over¬ 
stressing at a certiiiii rc'gion in the metal and ciataking linally ensues. 
Considering tlie ]n'edominating cause of failure, “'coijosion cracking” seems 
a more exact term to ajiply to the iihenonienon. 

Season cracking may be avoided by prtqK'r annealing, or by springing 
or by a, comliitiation of siiriuging anil annealing. Annealing at low tem¬ 
perature tdfeefs a removal of the greater part of the internal strain without 
producing material loss in hardness oi* strength. Indeed thine is evidence 
to sliow tliat, in some l ases, such .annealing niisi‘s these i)ropert ies.* To 
1 ) 1 * effective in iireserviiig liigh strength and good ductility the annealing 
temperature must bi* less than tin' temj)(*rature at which grain growth 
begins in the metal. This teinperat ure varii's inveisely (but not in direct 
ratio) \^it]l the amount of |K*rmant‘nt di'formation which the metal haa 
suffered and with the time the iiu'lid is held at a given temperature. For 
brasses containing 2 ])arts copper to 1 ])art zinc the range of annealing 
tem[)eralure wliich is effective in relieving initial stress without diminishing 
hardness is 200 to mr (\ 

Springing consists in biaiding a bar backwards and forward.s in radial 
planes until all outer fibeis liave lieen permanently lengthened. This 
treatment ri*duces the intensity of tensile stres.ses which exist, at the sur¬ 
face in cold-drawn bars, and is sometimes a necessary preliminary treat¬ 
ment to pri‘vent cracking of ])arts in annealing. 

79fl. Special Tests for Brasses and Bronzes.- On account of the large 
internal stresses ])reserit in many cold-rollerl ami liaril-drawm objects of 
brass ami fnoiize and tin* harm which may come from them, simple tests 
for their iletection are neederl. The most precise method with a rod or 
tube specimen consists in making accurate measurements of length on 
three or more sui-face elements, turning off or boring out a predetermined 
*Mathc\vson and Phillips, Trans. A. /. M. E., Vol. 54, p. 608. 
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amount of metal and measuring again. Knowing the modulus of elasticity 
of the metal, the cross-sectional area before and after machining, and the 
original length, it is possible to compute the unit stress in each layer re¬ 
moved. Since this method necessitates taking a large number of readings 
with a comparator or strain gage and since the machining cuts must be 

very small and slowly and accurately done, 
it requires too much time for commercial 
purposes. 

A more rapid method of measuring the 
internal stress in a bar has been devised by 
Mr. S. W. Miller. A specimen is cut from 
the straight bar, which is to be examined, as 
shown in Fig. 11. If the outer surface of the 
bar was in tension that surface of the speci¬ 
men will be concave aft(;r its removal from 
the l)ar, the revtirse would be true if the stress 
was compression. By measuring the mid¬ 
ordinate to the curve, assuming circular curvature and the neutral plane 
passing through the gravity axis the change in unit stress on the outer 
and inner fibers may be computed from these formulas: 



I'm. 11.—Miller’s iSpcrimm 
fr)r Mcasviriii^ Initial kS tress 
in Bras.s Hods. 


JEfr 


and 


liyEfr 


Here >S() and = changes in unit stress at the outer and inner fibers 
res^KH'tively; 

A* —modulus of elasticity; 

/= deflection at center of specimen; 

radius of rod; 

? = length of rod. 


For thin sheets the procedure advocated by Merica and Woodward * is 
still imtre simi)le. A strip about 6 in. long and in. wide is coated with 
paraffin exceptijig one of the broad surfaces and etched with acid until 
one-quarter the deptli is removed. If the strip curves the mid-ordinate 
of the arc is measured and the average value of the original internal stress 
is computed from 


S = 


3m Ef 
IP ' 


where / = origiiuil thickness of strip,/--mid-ordinate of arc after etching, 
and other wsymbols have vSame meaning as before. 

*Topiral Dif'ciission on Season Craeking nf Brass, Pror. A. T. M., Vol. 18, Pi. 2 



ALWYS OF ALUMINUM 


761 


Detection of the presence of high initial tensile stresses in the surface 
layei's of a piece of brass may sometimes be acco^aplished by inmiersing 
the part in a solution of inercurous nitrate (65 gr. HgN 03 and 15 cc. cone. 
HNO 3 l>or liter) for fifteen niiiiutes to a half hour.* Badly strained pieces 
will frequently crack after this procedure. 

The cxipjring ivnl has recently been strongly advocated f for determining 
the ductility and drawing qualities of thin sheet metal, especially brass. 
The test is made on a small sample of metal sujv 
ported between a die and annular holder. A round- 
nosed tool is gradually forced against the specimen 
and forms it into a cup as shown in Fig. 12. By 
determining the depth of the cup at fj actiire, a direct 
measure of the drawing quality of the metal is 
obtained. Davis claims that this rapid test is far 
more accurate than the tensih* or scleroscnpe 
hardness test. It is also superior to tlie Brinell ball 
test for brass sheets umler 0.05 to 0.08 in. tiiick. 

The Brinell test, however, is very satisfactory foi‘ 
determining the drawing qualities of thicker sheets. 

Pie also states that th(‘ roughness of thc‘ surface of 
the eup and the cliaiacter of the fracture afford evidence of the grain size 
and will reveal defects. 
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ALLOYS OF ALUMINUM 

v^99. Utility of Aluminum Alloys.^—Owing to the softness of puie alum¬ 
inum, it is cnmmonly alloyed with copper or zinc to imj)i (na‘ its nu'chan- 
ical proi)eilieH. Al^out one-fourth of the entire aluminum prodmtion is 
now utilized in making ligld , stiff alloys with these metals, a large portion 
of which are used in the automobile industry. Thus we find the light 
aluminum c()pi)er alloys ustal for pistons, cylimhas and crank cases for 
both autnrnoljile and aeroplane engines, also for cooking utensils and 
strong light parts wliich are die cast. The light alloys of alumimun and 
zinc are used to less exteiit for gear cases, light castings of high strength, and 
for portions of scientific instruinent.s requiring lightness and rigidity. 
With small additions of manganese and coppia* the aluminum zinc alloys 
haA^e been used in the frames of Zeppelins. The heavy aluminum bronzes 
find use in steam valves, pump rods, spindles, springs, propellers, motor 
and engine gears where good strength and resistance to corrosion are 
essential qualities. 

^ 800. Aluminum Bronze is the rather inappropriate name applied to 
copp(?r-aluminum alloys containing less than 11 jxir cent of alumimun. It 

* Technologic Paper S2, f C. H. Davia, Proc. A. S. T. M., Vol. 17, p. 166. 
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is made from the finest grades of copper and pure aluminum and is said to 
be improved by resmelting. On account of the rapidity with which alum¬ 
inum oxidizes, the alloys rnu.st be smelted under a layer of charcoal and 
should be poured into the molds with as little agitation as possible. Cast¬ 
ings must be provided with large gates and risers to provide against exces¬ 
sive shrinkage. 

The ductility of the aluminum bronzes is very high and nearly con¬ 
stant for varialif)ns in aluminum content up to 7.8 per cent. Bronzes 
with more than 7.3 per cent aluminum show decrease in ductility as the 
aluminum increases and those containing 12 per cent are very brittle. 
The tenacity of tln^se brnnzt^s, however, increases directly with the alum¬ 
inum oont[‘iit Ilf) to approximately 10 j)er cent ahuninum. The tensile 
properties of these' alloys * arc' shown in Fig. 13. It will be observed that 
the ductility of small castings of these alloys is about the same as in the 
rolled rods. I'he bronzes fMjntaining h'ss than 7.3 per cent aluminum are 
highly resistant to torsifuial stj’e.ss and rc'adily rolU'd, forged and cold- 
drawn. Since thf'y consist of Ji solid solution, the ratt' of cooling influences 
their mechanical pi operties very little. Bronze' witli 7.3 per cent aluminum 
exhibit.f'd gr(‘at toughness under impact and remarkable resistance to 
alternate Ix'iiding strc'ss. 

Bronzes containing over 7.3 per cent aluinimim contain, besides the 
solid solutir)ji, a dark ni'edle-like constitiu'iit, which is unstal)le and much 
influeticed l)y heat trc'atment. The nxarked influence [)f quencliing on 
the firnpertii's of bronze with .10 per cent aluminum is also Avell shown 
in Fig. 13. 31ns alloy in rolled form has about the same tenacity, elastic 
ratio, hardnt'ss, hardening cajiacity and toughness as 0.35 per cent carljon 
steel. Expc'riments by Corse and C'oiiLstock f liave shown that cast rods 
of 10 per cent aluminum bronze quenched at 850° (’. and anneah'd at 
000 ° (t. have an ultimate strength and elastic limit of ai)])roximately 
95,000 and 45,000 lb. per sq. in, respectively, witli an elongation of 10 
per ci'iit in 2 in. and a capacity to einluie ovc'r 5,000,000 bending leversals 
f)roducing an extreme fiber strt'ss of 33,000 lb. ])['r sq. in. Othei’ tests by 
the Alloys Besearch ('Ommitti'e show that tlie 10 per cent aluminuiii 
bronze has almost constant strength for increasing temperatures up to 
700° C. l)ut the alloy is much more brittle above 400° C. than at normal 
tenifieratures. 

T'hc insertion of 1 per cent of manganese into a 10 per cent aluminum 
bronze increases the yield point and ductility of the alloy without producing 
material change in its strength or endurance under reversals of stress.f 

* From Eighth Report of Alloys Rosprirrh Com. Pror. InM. Mcrh. Etirjr., 1907. Pt. 1, 
p. 57. 

t Prov A.S. T. M., Vol. Ki. p. lat. 

J Si'i' Alloy.s Rnscarch Com. Nintli Report Pror. Meek. Engr., 1910, Pt. 1. 

p. 130. 
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Ahiiviiiuiiii bronzes are aliiK'st incorrodible in sea water and are superior 
in this respect to Muntz metal or naval brass. 

The nioduliis of elasticity for aliiniinuin bronze is about 15,000,000 lb. 
per sq. in. 



Per rent Aluminum 


Fig. 13.—The IiifluenrR of Aluiniriiim on tlic Tonsilr* ProjHTtio.s of Aluminum Bronze. 

(Alloys Resourfh Coin., /Vnr. Inst. Mach. Engr., 1[)()7, pj). 113-133.) 

801. Aluminum-copper Alloys.—By thu addition of a small proportion 
of copper, generally less than 5 per cent, to “purid’ aluminum, it is possible 
to secure a metal which is less liable to burning and to produce light castings 
that are stronger, harder and tougher than those made from aluminum. 
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Some of the mechanical properties of these alloys are listed in Table 3. 
They do not possess as hip;h resistance to corrosion in sea water as the 
aluminum bronzes, nor are they as satisfactory as pure ” aluminum for 
cooking utensils. As mentioned })(‘fore th(‘se alloys are much used in the 
automobile industry. 

TABLE ,3.~TENSILE PROPERTIES 01^ ALUMINUM COPPER ALLOYS 
(From Alloys RcsciiTch Com., 8lU Report) 


P[!r feiit 


(JniiiliLiiJii. 


0,0 
1.00 
;u7(i 
4.07 


Siiriil cast. 


Slowly roohul. 


I 

DiaiiiPtcr of 
Sixu-iiueii. 
In. 


T'lOiiiatp 
SU lMigt li. 

Tib. ppr sq. in. 


Vitld roiiit. 
bb. i)Pr Bq. in. 


Per cent 
Kloiif^iiLion 
on 2 in. 
Per cent. 


f| 0 r)()4 


10,250 

10,400 

10,840 

17,500 


4,250 
7,MOO 
10,900 
12,M10 


10.0 

0.0 

4.0 

4.0 


0.00 
1 . (K) 
3.70 
4.07 J 


Santl cast. Qiinncheil from j 
450" C. in wilier | 


0.504 


11 ,M00 
11,210 
15,700 
lO.MOO 


5,:i75 

8,000 

12,700 

i:?,sso 


22.0 

7,0 

4.0 

4.0 


0.00 

1.00 

:u70 

4.07 


Hot rolled from 3 in. to 1J- 
rouiuls. 


1.250 


14,550 

21,400 

37,700 

32,850 


9,850 

14,320 

20,3(M) 

19,920 


35.5 

27.5 
20.0 

19.5 


0.00 
1.90 
3.70 
4.97 


Cold draAvn. 


1 :i 

T B 
1 d 
I B 
2» 


19,400 

33,0(M) 

44,800 

39,700 


19,030 

31,370 

41,150 

35,000 


19 5 
13.0 
7.5 
0.0 


O.IKl 

1.90 

3.70 


j ij-iii. rounds. AnnenJed |' 
\ and driiwn with anneal- ^ 

J ing to lii in. 



10,000 

30,900 

37,850 


15,000 

28,900 

31,700 


23.0 

10.5 

8.0 


’^802. Aluminum-zinc alloys containing less than 25 j)er cent of zine are 
of the most commercial importance of the alloys of this group. As a class 
all of these alloys are A'ery sensitive to liigli temjTeratures in melting and 
in solid form exliil)it low strength and l)rittleness when heated al)ove 50° C. 
Those having less than 15 per cent zinc are much used in constructions 
where a light, sound casting, which can be easily machined or forged into 
proper form, is desired. Alloys eontainiiig from 15 to 25 per cent of zinc 
are harder, stronger, but less ductile and more difficult to roll or draw. 
The alloys of iiigh zinc content appear to suffer a decrease in strength when 
excessively worked either hot or cold. For example, the strength of alloys 
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containing 26 per cent of zinc decreased when the liars wore hot-rolled or 
cold-drawn btdow 1| in. in diameter.* The tiaisde properties of these 
alloys are indicated in Fig. 14. 

Unlike most of the ininor iiudals 
and their alloys the [dniuinum- 
zinc alloys have well-defintal 
yield points cha racterized 1 ^y 
dropping of the scale beam 
during ti'.st. The modidus of 
elasticity for all of Ihe liglil 
alloys is apiiroximately 9,()()(),000 
lb. per sq. in. 

Aluminum and zinc alloys 
containing about 6 la-r cent of 
aluminum are addtul in small 
percentages to tl.e zinc liaths 
used in galvanizing in order to 
rendt'r tluan more fluid. 

503. Aluminum > magnesium 
alloys ( m a rimiliy 111 ) con t aii li n g 
small jxM’centages of magnesium, 
have Ikmui widely used as detixi- 
dizers in cojijier snu'lting (jjiera- 
tions. The alloy (‘ontaining 6 
per ctMit magnesiimi has very 
good meclianical piojM'ities and 
is soim'what lighter than ])ure 
aluininum. It is t'asy to work, 
exceptionally strong, and iluc- 
tile. Schirmeister f reports a 
ttmacity of 12,000 ll). pin- sq. in., 
an elongation of 21 pt'r ct'nf- and 
a Friiu‘11 hardiu'ss of 69 for this 
alloy rolltal at. 450'^ 

L'ont Zinc 

is a.n.thrT liKht allr.y of J.-,,, , |. Th,. lOITcTt, of Zinu on tlio Tensile 
alunimum with 3 to 5 j-er n.nt of .-npL.T j„,, „f Alu.oinnn. Zinr. Alloys. (Alloys 

anrl smallrr Jiinnuiits of maf^nrsiuin .'irid 
manganese. When rollr'd miuI hf*at. 
treated i!s tensile strength exceeds 
50,000 and its yield j)Diiit 30,000 11). per sf[. in. The elringiitinn in 2 in. is about 20 
per eent. Besides use in airplane parts it is being fabricated into struetural shapes for 
many types of construction. For more data on these alloys, see Art. 005. 



Iteseareh ('iMn., 
1012, I), -m, 17: 


Froc. 

. dOl.) 


/nd. Mrch. Engr., 


* I’enth Report Alloys P^eseareh Com., Froc. Inst. Aleck. Engr.^ 1912, Pt. 1, p. 331 
Stahl u. Eisen, June 24, 1915. 
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ALLOYS OF LEAD, TIN AND ANTIMONY 

804. Lead-tin alloys principally used in making; solder, pewter and 
to\s. Tliest^ alloys have ratlier low m(dtiiip:-i)oiiits, that of the eutectic 
contaiiiiiiK ^17 pej- cent l(‘a,d beins only 183° (b By adding tin to lead the 
strength and hardin‘ss aie considerably increased. Furthermore, the 
alloys carrying more than 50 per cent haid remain pasty over a considerable 
range of teanp(*ratlire Iji^fori' conijiletely sr)lidifying. The latter property 
renders these alloys of valne for plumbers’ solder which ordinarily contains 
from 2 parts lea,d and 1 part tin to equal parts of each. For soldering tin, 
the alloy containing 2 parts tin and 1 pai't lead is min^h used, whereas for 
electjrical work t he b(\st solders (‘lu iy li'ss than 10 per cent haid. 

\y^05. Lead-antimony alloys. —Antimony, like tin, staves as a hardener 
when addl'd to lead but. the useful binary alloys of these two metals coyer 
only a limited range in constitution. The more useful of tlu'se aIlo 3 "S 
contain from 10 to 25 pia- cent of antimony. The alloys riclier in lead than 
the above luv. vi'iy soft; those richer in antimony are too brittle and hard 
to l)e of value for most purjiosi's. Alloys contiiining over 13 per cent 
antimony consist of a. (a)nq)ara1 ively soft eutectic in which are embedded 
liard cubical crystals of antimony. In bi'aring metals the presence of a 
limited mount of tliesi* hard ciystals increase's resistance to wear, but a 
large j)ro])ortion causes the bearing to bi'a-t. The softer I'litectic, on the 
other hand, ii'adily adjusts itself to inequalities in jn essure and, \M*aring 
more rajiidlv than the antiiiionv, ‘allows s])ai‘e for the lubricant. Allrys 
containing 12 to 17 |)er cent antimonv are inexpensive and are used to 
SOUK' ext ('lit for bearings carrying light loads. For |)ropertii's of some bear¬ 
ing metals of this chi.ss, see 3\‘d)le 1. 

Shot and bullets are iiuide from lead containing a small proportion of 
antimony to iucri'ase the liai diu'ss. 

Lead-antimony-tin alloys are of great value for tyi)e metal. A 
satisfactoi N’ type iiu'tal must take a full sliarp im])ri'ssion of the mold and 
be sufhcientlv rigid to Avithstand luess action. Tlu' alloys of lead and anti- 
moiy' contiLining over 15 |ier ci'iit antimony satisfy the former require¬ 
ment since tlii'y exiiand slightly on hc'ating but they require a little tin to 
increase their I'onqiressive strength aiul render them less brittle. The 
range in conqiosition for thi'se alloA s A aiies from 2 parts lead, 1 part anti¬ 
mony and 1 pa it tin to 7 yiarts k'ad, 2 parts antimony and 1 part. tin. 
Linotype and monotype machines use eheaper alhys containing 12 to 18 
per cent antimony, 3 to 8 per eeiit of tin, and the remainder lead. 

Alloys containing 10 to 20 per cent antimoiiA;, 5 to 20 per cent tin and 
'.he remainder lead nuiA^ also be usi'd for bearings subjected to moderate 
oads (Tal)le 4). Magnolia metal containing approximately 78 per cent 
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lead, It) per cent antimony and 6 per cent tin is one of the common bearing 
metals of this class. The range in pouring teiupcvatiires for these alloys 
is, however, more limited than for tlie equally serviceable but somewhat 
more exi>€iisive bearing metals consisting principally of tin. 


TABLE 4.—SIIOWIM; PHVSICWI. rROPERTlES OF WHITE METAL 

BEAIUXC. ALLOYS 

(lYoin Reiit. of Com. B-2, Fmc. A. S. T. A/., Vol. IS, Pt. 1.) 
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v/ 807. Babbitt metals ar<' alloys with a tin l)as(‘ containing small [iropor- 
tions of copper niul antimony. They are so called from the inventor 
Isaac Babbitt. Fig. 15 shows the miero.striit'ture of a babl)itt mi‘t-al whose 



Fiii. m. -Babitt Metal CoiilainoiK SiJ% Tin, 7% Antiinnny, and 4% Coppr;r. Cubes 
of SbSn and white iiecLlle.s of e ropper-tin solid .solution in dark tin-rinh metal. 
Etched woth 5% Hydroohloric Acid in Alcohol. Magnification = TGd. 
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composition is very nearly that of alloy No. 2, Table 4. The white eubes 
are usually designated as SbSn, though as a matter of fact they are a solid 
solution of antimony and SbSn. The white constituent which tends to 
form needles and star-like figures is the e solid solution in the copper-tin 
seritis, but in some aTtich^s is jeferied to as the compound CuSn. The 
dark metal is rich in tin and soft, while the cubes of SbSn and ruaulles of e 
solid solution are rjuite hard. Soft varieties of babbitt carry al)out 4 or 5 
per cent of copper and 0 to 8 i)er cent of antimony, whereas the harder 
alloys contain 6 to 10 per c(*nt of coppra- and H or 10 per cent of antimony. 
An idea of the mechanif;al anrl pliysical properties of the more valuable of 
these alloys is furnished in Talde 4 abstracted from Tteport of Com. B-2 of 
A. S. T. A/., 1!)18. Since the rate of heating of siu'h l)earings under service 
conditions is fle]Mmdent upon tlie size and distril>ution of the crystals of the 
copper-anlimoiiy comyxjund, the temy)t‘rature of |)Ovn ing and rate of cooling 
must l)f; carefully controlhal. Rayiid (‘hilling or very slow cooling causes 
heating of the Ijcaring.* Ry luvating th(‘ core of the mold it is possible to 
secure iin int (‘i im'diat (• rate of cor)ling such that llie crystals will be well- 
defined, uniformly dispiasral throughout the mass anil not over .01 in. in 
size, Such treatmeut leads to a more servii^eable bearing. 

BOB. Alloys of Low Fusibility.—Th(‘ following remaikable iilloys, all 
of which fuse at veay low t(aui)eratures, may bi' usial as saftdy-plugs in 
automatic fire-spraying piiK‘-.systeiiis in mills and for similar ijurposes. 


TABLR 5.—FUSlliLE ALLOYS 


Naiiitt. 

PkIU’KVT.VUI'J ok I NiaiEDl k.vts. 


Kisniulh. 

J.lMlI. 

Till. 

C [iiliniiim. 

IVo'vt,[Ill’s. . 

.50 

:n 

11) 

0 

ItoSLi’s . 

50 

2S 

22 

0 

. 

50 

25 

25 

0 

Wood’s. 

50 

24 

14 

12 

Lipowitz’s. 

50 

27 

13 

10 


I'uHitm 
'I'l'iii pi'ra- 
turr, 

( 


05 

100 

oa 

06-71 

00 


' Uflinais iiiul ILiuuke, The Mclalhgruphisij Vol. 3. 
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THE EFFECT OF TEMPERATURE OX THE MECHANICAL 
PROPERTIES OF METALS 

EFFECTS ON IRON AND STEEL 

B09. Importance of Temperature Effects on Properties. —At the 

present time the ferrous metals are the principal niaierials for boilers, 
grates, fire-boxes, stM 3 ^ 1 )olts, engine eylinders and pistons, ladles, shafting, 
rails, axles, refrigerating maohineiy and other machine part?, which are 
subjected to considerable variation in temperature or to long periods at 
higher or low temperatures. Often the breakage of such parts would 
result in loss of life or large financial loss. It tlie^efore is imperative 
that the properties of these metals under such conditions be well under¬ 
stood. We shall next consid(‘r the more important effects of temperature 
on the meclianical properties of iron and steel, 

810, Effects on Strength.—This subject has 1 )een very fully and carefully 
invest igated at the Watertown Arsenal, and a full scries of stress diagrams, 
similar to that of Fig. 1, is shown in the report for 1888. The curves 
of Fig. 1 cxhil)it the action of a structural steed (0.20 per cent carbon) 
having a normal tensile strength at TO'’ V. of 70,000 11). per srpiare inch and 
an elastic limit of about 37,000 lb. per square inch. Elastic limits and 
ultimate strengths may be gotten from this figure. A better notion of the 
variation in strength of difT(*reiit carbon steels, wrought iron and cast iron 
with temperature, can l)e formed from Fig. 2. Study of Fig. 2 reveals 
that the ultimate strength of tlie steels and wrought iron does not vary 
greatly for temperatures between 0 and 300° F., tlierc being a slight sag 
in strength at 200° F. As the temperature is raised above 300° F. the 
strength increases until a maximum 10 to 15 per cent liiglier than the 
normal strength is reached at 500° F. Furtlier increase in temperature is 
accompanied by a proportionate reduction in tenacity until at 1600° F. 
the strength is only 15 or 20 per cent of the normal. Corroborative evi¬ 
dence is also furnished by the data in Figs. 4, 5, 0, and 10. For information 
regarding strength of alloy steels at high temperatures see Art. 815. 

It is noteworthy that the tenacity of cast iron is not materially affected 
by variation in temperature up to 000° F. For increases in temperature 
above 000° F. the strength falls proportionately until at 1600° F. it ie 
approximately 20 per cent of the normal value. 
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The “ creep or flow ” of steel when subjected to ordinary work¬ 
ing stresses at high temperatures '' must be properly evaluated in design¬ 
ing high-pressure! steam lines, oil refineries, ami other simihirly exposed 
equipment. Kanter and Spring, Pror. A.S.T.M., Vul. 28, Pi. 2, p. 80, 
have made a valuable contrilmtion on flow in carbon cast steel ((". = 0.20 
— 0.40 per cent). Fig. 8 is taken from their pap(‘r. Since failure of such 
steels under flow is accomiiaiiiiai by considerable elongation, they argue 
that, a flow of one p(‘r cent in many classes of service, liki' high-pressure 
steam lines, will df) little or no harm. Hence they have ileveloped from 
their data the curves of Fig. d. It is of interest to note (Fig. S) that the 
proportional limit de- 
t(‘rmined in a. short 
tiiiU! test at a given 
t.empc'rat u w coincii les 
quite closely with one 
per cent, flow in one 
year for t.emperat.uri‘s 
less than 850° F. and 
with om' p(‘r cfuit flow 
for 1000 hours for tem¬ 
peratures bf'twei'n 000 
and 1200° l\ Thv low 
value of ,str(‘ss at 
which one ptn* cent 
flow octnirs in a year 
is not(‘worthy. Iligh- 
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Tcmptraluri;, Fuhr. 


I’k;. 3-—Mow in C;i.sl CjirUon Stocla (Kiiiiir'ir and Spring). 


speed steels, sfM‘ Table 2, and stainless steels, Art. 903, withstand higher 
stresses than carVion steads for the same flow f)r crer‘p. 

Steel or wrought iron exposcal to low trauperalures has higher static 
strength hut l(\ss ductility than at room t.iMuperatures. At the tempera¬ 
ture of liquid air ( — 220'’ F.) a medium carbon steel bar tested at the 
Watertown Arsenal exhilated an increase of 51 per emit in elastic limit, 


35 per cent in ultimate strength, but a reduction of 03 pt'r cent in elonga¬ 
tion from the corresponding room-temperatur(‘ propf!rties. 

811. Importance of Effect on Elastic Limit.—In lag. 4 combined curves 
for carbon steels showing mean variations in mechanical properties with 
tempt^rature indicate that whereas the mean ultimate strength varies less 
than 15 per cent from tht^ normal for tempt^rature variations Indween 
0 and 70U° F., the mean elastic limit decreases in direct proportion to the 
increase in temperature above O'" F. Therefore the ratio of the elastic 
limit to the ultimate strength—the elastic ratio—is much less at high 
temperatures than at ordinary temperatures. For 100° F. the mean 


* For bibliography and much data see Proc. A.S.T.M., Vol. 24, Pt. II, p. 9. 
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value of the elastic ratio is 0.57, while at 500° F. it is only 0.36. Figs. 1, 


120.000 


100,000 




— 












‘-IIU lUU i;uii HUU lUUU 12UU 

Tuniin rut ui’L; in l)e{{i L‘os FiiliriiiiheiL 

Firj. 4.— 'Oniinl ( urvi's frnni I i*ivi])prnt\im li'sls dm hcin^ ohoTJ/t 4 J)€T 


3y and 5, showing 
results of tests on 
individual classes 
of steel, substan¬ 
tiate the above 
statements. 

^ For s^ruc^itra^ 
purposes, therefore, 
iJi civor/iing strength 
of wrought iron 
and steel must he 
a regarded as regw. 
g hirly diminishing , 
I i/7j/7c the tempera¬ 
ture increases, tin 
rate of diminution 


ceni per 100° F. 
increase in tern- 


Koils. 

Diairii..>ti;r of rmlH, IJ in., of Hpccimi'H O.S in. Tmi I’IrKri'n.H of lniiilii(‘:ss, 
from 0.1 mid 0,1)7% 0. (7’t.sr.- «/.l/fW.s, 1SS8, p. 21.',.) 

7)crfi7'urc. 

B12. The Change in Ductility. Steel and wroiiglit iron l)oth exhibit 
a markofl recluetinn in per cent elonj^alinn for teii’j'ei.olures in the vicinity 



Fig. 5.—^'M^iatiDlls iu .Strength iiml Ductility of Wrought Iron lukI Steel at DiffeTent 
Temperatures, (From Cornell University Tests in Jour. West. Soc. Engr., Vol 1.) 
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of 300° F., as the curves of Fig. 5 show. At tliis temperature wrought 
iron and soft steel have elongations of approximately one-third to one- 
half of the respective values at 
normal temperatures. Tlie iv- 
duetion in elongation at this 
temperature for high carbon 
steels is not quite so marked. 

Minimuni values f[)r the per 
cent redui'tion in area of wrought 
iron and steel occur at somewhat 
higher temperatures, geneially 
between 400 and 500° F., as 
indicated in Fig. 0. 

B13. The Change in the 
Modulus of Elasticity. ~ The 
results plotted in Fig. 0 and 7 
show that the niodidus of elas¬ 
ticity of w]’Ought iron and of 
steed decreases as the tempt ra- 
ture increases. Tliis decrease 
amounts to aiiiiroximately 2 
per cent per 100° F. iiiei-ease ol 
iemperature up to 500° F. I'or 
higher tianperatuies the naluc- 
tion in stiffness is more marked, 
being about 20 jier eiait at S00° 

F, and 55 per cent at 1100° F. 

B14. Effect on Resistance to Impact.— The variatioii in tlic resistance 
to a single lilow^ of eight varieties stiad tested at difftaciit tempf'raluies is 
well shown in Fig. S. The composition of these shads is givtu in TaMe 1. 



pKi. (I 


in I>L*trrL‘L‘S Falii LMilieit 

'lie IdTi-fis [)f Vari:ilitms in 'I'lniiporji- 
tiirr on ilin IClastii ily iiinl SliiniKili of 

SUm4. 

(Li.;i mill rrnwt])i*r, Em/inwriny, Vnl. 98, p. 488.) 


Mill! 



Fig. 7.—Effects of Moderate Varialions in Tpni]ier:iture on the Modulus of Flaslicity 
of Iron and Stetd. (Tents of MeUUs, 1887.) 
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Each curve represents tests on 50 to 60 specimens. Each 0.4 X0.4 X2.4-in. 
test-piece was made with a milled notch 0.08 in. wide and 0.08 in. deep, 
the notch being provided with a round bottom. Specimens were broken 
in a Guillery * machine over a l.G-in. span and under an initial energy of 



Fig. 8. —EITonts of TeiriporMturo on Uii; of V'lirioiis AnnpjiliMl to 

Impact. (Guillct anil Ilcviilon in Proc, LA. T. M., r)th Congress, III 4 ) 

TABLE I.—COMPOSITION OF STEELS SUD,JECTED TO IMPACT AT 


VARIOUS TEMPERAl'URES. (Guillct anil IU-.villon) 





Peh Cent of 


Aiiiu'alitiK 

Trcttlmpiit 


C 

Si 

Mn 

S 

r 

in Air at 
(“ C.) 

Extra soft. 

0 218 

0.26 

0.24 

0.041 

0.013 

850 

Soft. 

0.345 

0.20 

0.51 

0.048 

0.068 

800 

Half hard. 

0.401 

0.44 

0.34 

0.044 

0,062 

800 

Martin (hard). 

0 725 

0.40 

0.33 

0.025 

0.013 

750 

Tool. 

1.224 

0.0.5 

0,04 

0.040 

0.023 

f Plane bars at 

1 700” 

2 per cent Ni. 

n.0S5 

0.01 

0.15 

0 017 

Ni=2 01) 

850 

7 per cent Ni. 

0.162 

0.18 

0.20 

Ni^7.10 


600 

Nickel-chrome. 

0.10.5 

0.11 

0.34 

Ni=4.38 

Cr = 0.85 

750 


5210 in. lb. The tests show that th^ resistaiuc of these steels increased 
slightly as the temperature rose from room teniperatuie to a value between 
250° and 400° F. The resistance to a single shock then diminished with 
increasing temperatures until a minimum resistance was reached at a 
temperature in the vicinity of 900° F., and that with further increase in 
temperature the resistance again rose. 

• This machine is provided with a fly wheel to which is attached a knife for breaking 
the specimens. The energy absorbed in breaking the test piece is measured by the 
diminution caused in the speed of the fly wheel. 
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Tests have demonstrated that repeated blows or w’orking at tempera¬ 
tures between 500° and 000° F. (a blue heat) grcaliy impair the ductility 
and toughness of wrought iron and structural steel. Experiinents by 
C. E. Stromeyer* showed that the structural steel and wrouglit-iron bars, 
which in normal condition could be bent cold through an angle of 45® 
first on one side of axis of the test-piece and then on the other for 12 to 
26 bends, stood only to 3 bends at a blue heat. Tension tests b}’ R. 
Krohn t on wrouglit iron, soft steel, and medium steel showed that the 
decrease in energy of rupture due to working at a blue heat was 56, 30.4, 
and 26 per cent, respectively, while the elongation decreased 53, 31 and 28 
per cent, respectively. 

In certain exj)erimeiits by T. Andrews t wrouglit-iron car axK'S heated 

to various tem[)eraliires suffered im- ^ _ 

pact from a 224()-lb. tup dropping | ^ / 

through a distance of 30 in.; thej’ were | ^ ^ - y 

then turned over, the temperature 15 \ - —- 

restored and the blow repeated. | \ i / I 

Although the material itself was very & ~ 

non-uniform the results jilotted in Fig. ^ r. — — ;— —, 

9 clem oust rate that the resistance . I_ | 

was a niiniinum when the axles 1000 “F. 

were tested at 570® F., a blue heat. 

^ .. „ Fii;. ().-“hlT(‘cts nf I (‘mntTatiiri'on thp 

Fig. 9 also shows the necessity of ,, , ,, 

^ nl v\n)UKln iron Ivailway 

making impact tests at the same tern- ^xlcs u> All email' Ucniiing uiuler 

perature if tlie results of different tests Impact. (T. Amlrcws.) 

are to be compared. 

Although comparativel}’^ few impact tests liave been made at low 
temperatures, tlie available information indicates that the resistance to 
shock diminishes as the temperatun*. drops below room temperature. 
Andrews found in other tests § on wrought-iion axles that the number of 
blows required to produee rupture at 100° F. was 50 per eent greater 
than at 0° F. Axles broken at ~1S° F. exhibited a crystalline fracture 
perpendicular to the axis of the piece; those broken at 300° F. showed a 
fibrous uneven fracture. 

Impact tests by Goerens and Hartel || on mild steel show a great 
increase in brittleness over the results at normal temperatures when 
the specimens w^ere broken at —103® F. and below. 

The bar (Art. 810) tested under tension at the temperature of liquid 
air required approximately one-half as much energy to rupture it as at 

• Proc. Insi. of Civ. Engr., Vol. 84, p. 114. 

t Reported by G. Ileiining in Engr. News, Vol. 27, p. 42. 

J In a nessemci Premium Paper before the /S'or. Engr. (London), 1896. 

§ Ptoc. Insi. Civ. Engr., Vol. 94, p. 209. 

II Zeitschrifl fur anorganische Chtmie, Veil. 81, p. 130. 
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normal temperature, thus showing its increased fragility at low tem¬ 
peratures. 

816. Effect on Hardness. —An elaborate series of tests by F. Robin 
(reported in Rev. de MetaLj Vol. 5, p. 81)3; Vol. 6, p. 180) in which the 
Brinell method was used, show that the curves between hardness and tem¬ 
perature are of of the same general character as the curves between tensile 
strength and temperature. 

TABLE 2 .— BllINELL HAHDNESS OE SPECIAL ALLOY STEELS AT 
VA1 aOUS TEMPEPATIJK 1^:S. (Pf )bin) 


ALL STEELS TESTED AS KECEIVED EXCEPT AS NOTED 


1 

Kind of Sterd. 

i 

II.Mil)M..SH .\T i 

t'f»M I’D.SJTI fJN IN ^5.' 

- .^»a 

- r*K 

100 

212 

4 00 

1W> 

liOO'" I 

1 1 12' 1. 

c. 

I'r. 

w. 

Ct). 

Va. 

!S|)n(‘(l. 


055 

515 

ISO 

.05i 

0.00 

18 5 

(i.O 


lliirii stii'i‘(l. 


540 

105 

400 

.50':}. 20': 14.0 

5,0 


IPkIi sitpiul. 



415 

:ir>o 

515 

1 nos. 00 

20, S 

Mo. 


AlDlylHlcnuin . . . 

.(iV) 

.‘tSf) 

575 

515 

2<),5 

5>0 



2,0 


Alolyliilbiiiini. . . 

Ml) 


OK) 

450 

200 

. 50 



2.0 


Molybdcuuni. . . 


lii.'i 

:i00 

200 

225 

.50 

.... 


0 . 5 

. 

Vaiiiiiliiiiii. 

. ii\] 

.'iri.'') 

540 

500 

170 

so 




0 7 

Vaiiailiujri. 

illy ... 

545 

540 

ISO 

.so 




0.7 

. 

Tiingstcii. 

.(A) 


555 

:5iri 

2.50* 

1 2 


0.0 

"NiT 

Tunj5.sto.li . 

.{II) 


025 

415 

250 

12 


0 . 0 



Nic.kid . 



:{55 

250 

100 




10.0 


NLikfl . 


105 

i:i5 

sot 




27 0 


Cliroino . 

-(A) 


:J50 

520 

2:u) 

1 IS 

1 57 

. 



Chroino . 

.(/U) 


000 

415 

100 

h is'l 57 

















50" C. 

250" C. 

1 400" V 

000 ’ c 

r. 

\\u. 

! 

i Si. 

P. 

S. 

^ Carbon. 

, (.V) 

1 2!)0 

1 

520 

2S5 

ISO 

■2 02 

' .2S 

.25 

.015 

.017 

^ Cjirbon. 

.(7/1 

: 550 

100 

525 


^2.02 

.2S 

i .25 

.015 

.017 

® Carluin. 

.(A> 

! 205 

2S0 

245 

100 

lUOSi .50 

.12 

.012 

■ .020 

^ Carbtm . 

(//) 

(H)() 

520 

525 

110 

il OS 

: .50 

: 

.012: .020 

® Carbon. 

.(A 

205 

210 

225 


j .00 

i .72 

i ,11 

()22| .018 

® Otirbon. 

UI 

1)50 

500 

555 

120 

i .70 

. 55 

! . 54 

i . 077 

I .055 

WrouKlil ii Dii. . 


! 105 

15.5 

125 

[ 55 

i 

i .04 

1 

.14 

11 

.OIS 

.020 


A" —MS ri*c(‘ivr*rl. //* Estiinaterl/ fAl 000° C. ’ IlMnli'iiL'iI in 
water at 1150^' C'\, austiMiilir. Mlanli'iuMl at S2(J“ C. ^ IlarLUaiLal at 850'" C., mar- 
tunsifir. 


TaM[‘ 2 tl\[‘ innio inipni'lant rnsiilla nf Ilnbin’s work. Tht* liip;h, uniform hardnD.ss 

t‘xhil)iliMl by llu: spi't'il sroclN niul by (be mob luloniiiii :iiid tunj;st(Mi sU’rls nt tpiiiperaturpa up to 

llOD" 1'. iH ju mtirki’il rnutiti.sl to (fii‘ nf ilii' lion.li'iipil carbon slnt'l.s vvhit'h were nititr-rially 

softoutnl !it 7llD'‘ F. The liiizh linriliii’ss nf the 27 per cent nirkiM slrel at f ll).j2'^’ F.) is ivlsn nutEj- 

wnrlliy. Since ccrlain enmpurisons by Unbiu iinlieate that, tlie hanlness is ]ir(»pi)rtii'>nal to tliR sireiiBtr 
for temperatures n|' to 41)0'" F. (7o2'^ F.'l, this scries of i xperimi'nls fiirtiisfu's irnportant information 

enriforniii ir rnhiti’-e lieniTtli nf nn.t . --linr-.' i I +11 - > 
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B16. Effect on Specific Gravity.—Tosts by Langlry * show that specific 
gravity of steel increases from 7.76 at white heat to 7.S3 as the tempera¬ 
ture falls to a black heat. 

EFFECT ON ALLOYS AND METALS MUCH USED IN MACHINE PARTS 

B17. Description of Tests. —Owing to the extensive use of brasses, 
bronzes and other alh)ys in valves, shafting, iK^^’ts of })uinps and engines 
oftcji subjiMdiM] to temperatures from 400 to 700° F., a knowledge of the 
effects of such tompcMatures upon tlie nieeliaiiieal properties of these 
metals is also essential if safe and eeonomiral ilesigns of such parts arc to 
be mad[". One of thi‘ most extensive series of tests thus far inadr' on the 
effects of high temjK*ratnres on the nu'chanical properties of alloys wars 
reported l)y Bregowsky ami Spring to tln^ Sixtli Congress of riie I.A.T.M.f 
We shall now present the main result.s of these investigators. Their 
experiments irieliuled hotli tensile and torsion tests. Bound bars with 
the gauged porLioii turned down to a eonslant diameter of 0.65 to 0.85 in., 
depending on the size of Ijar as received, were used. The gauged length 
of the tension specimens was 2 i!i.; of the torsion test-pieces, S in. All 
metal was obtained from eonimfueial foundri(\s and all s])ecimens for a 
given .series of tests wen* from tiie sanu‘ heat. TianfX'ratiires wen‘ secured 
througli resistamu* coils wliicli were placed around t,lu‘ spiaamiais, due care 
being taken to insulaie tln^ sj>eciineii ami to reduce the Inhaling elTi'ct ilue 
to magmdic iiiduetioii to a minimum. Each point on tin* diagrams rep¬ 
resents from 2 to 10 results. In the tension tests tin* yield jjoiiit was gotten 
by dividers; in tin* torsion tests a troplometi'r was ustal to measures detru- 
sions. The compositiojis of the various metals testcal may be found in 
Table 3. 

BIB. Effect on Tensile Properties of Alloys. —Fig. 10 shows the effects 
of variatiojis in temperature from room temperature to l()0(i° F. on 16 
commercial alloys. It should be noted that. l)oth tlie ultimate strength 
and yield point of tin; copjif'i-tin lironzes and the aluminum bronzea 
remain fairly constaiit for teiijjjeratures iK'twenii 70° and 400° F. For 
increasing tempera tuii; l;o1h of these stresses di crease. The brasses, 
manganese ))roiize, and iVIonel iin*1td exhibit a consideraljle falling off in 
su’eiigth as the temiierature is raised above* 70° F. It should also be noted 
that with llit‘ ex(‘('ptiori of manganese l)ronze and Monel metal the duc¬ 
tility of the bras.si\s and bronzes is very little a1 ti'mp(*ra1ures above 600° F. 
The high strength ami ductility exhibited by the rolled Monel metal at all 
temperaturr'S is remarkable. 

* Am. Cham.j 187G. 

t A good Idldiograpliy on this snijjnrt may Lr found in the Proc, oj the Fifth Congress 
of the I.A.T.M., entitled "The Intluonre of Inereased Temperatures on the Mechanical 
Qualities of Metals," by M. Rudeloff. 
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TABLE :L—CHEMICAL ANALYSES OF ALLOYS AND METALS USED IN 
TESTS AT VARIOUS TEMPERATURES. (Hrfguwsky and Spuing) 


Matkhial. 

COMPOHITION IN Pkr CeNT. 

Mark. 

Nil ini'. 

Ihi 

Sii 

Zn 

Fb 

Ff> 

A1 

P 


1 

2 

3 

4 

5 
0 
7 

B 

9 

10 

IH 

IB 


AUoya uacd in Tunaile Tcata. 


Copper-tin bronze (.3). 

87.02 

12 40 


sy .5ij 

10 22 

Braaa. 

s(i. ly 

5.01) 

Aluminum bronze. 

IM. 1) 4 

0. Oil 


SH HO 

0.48 

Cant manKancHn bronze. 

58 10 

0.51 

IJ. iS. Navy bras.H S-( '.. 

80 :i2 

3.98 

0. S. Navy bronzr' M(2). 

80.1)2 

7.72 

U. S. Navv (tun bronze (1. 

87.00 

10.40 

Cast Munel iniUiii. 

27 11 

0.08 

Rollpd roll branN. 

r »2 . ;io 

0.00 

Kolled Monel metal. 

27.22 



0 20 

0.00 

o..3n 



0.00 

ir. 

0.38 


0.035 

5.03 

3.02 

0.20 




[) 1 0 

0 14 

4. no 


0.15 

0.17 

0.75 

0.07 

Mn 

30.05 

tr. 

2.21 


0.055 

12.80 

2.78 

0.24 

C 


3.02 

1.22 

0.23 



1. ;u 

0.31) 

Oil 



04.70 

0.1.3 

5.40 

0.32 

2.33 

34.84 

2 53 

0.15 




(Ni 08.64) 

2.38 

0.225 

1.56 


Alloya uaeil in Torsion Tr-ats, 


I. 

G 

H 

I 

J 

K 

ParzonB' managneHe bronze. 

li in rolled Monel mnlal. 

Rod braa.s. 

Tobin bronzr'. ... 

I'.'lephnnt (phriaphnr) bronze. 

T)i'lltt-iiu*l/ul. 

5 !). 58 0.04 

27 . OS (C().l 80 ) 

01.08 0.18 
50.80 0.80 

05.52 3.87 

51 ) 50 0.70 

38.08 
(Mn 1 . 52 ) 

35 . 72 

38.04 
t). 1 ) 

. 31 ). 30 

0.00 

0.28 

2.34 

0.00 
0 . 01 ) 

1 ). 50 

1.22 
2.50 

0.42 
0.40 
0 If) 
2.40 

A 1 

0.34 

Ni 

08.40 

P 

0.0015 
f) 307 

0.004 

M ATEUI A 1 .. 

(’OMI'IKSITIDN 

IN Pi ‘,11 Cent. 

Murk. 

Nuiin\ 

‘•I 

V V 

Si 

Mn 

S 

P 


Frrroua Met,Lila uscil in Ti-nailo Ti'.sIh. 


11 

14 

15 
\7 


Soft ruflt-irnn (3). 

....| ... 

3 3: 

0.17 

2.57 

CaHl. Htf'i'l (2). 

F? ii| 1 l-pnl HliiLfliil^ 

. . ! 0.302 
. . . . H). 140 

N i 


0.22 

0 031 

30% oickL'l-Hteid, rulled. 

.... io!285 

30.02 1 


o!i4 


o.no;n. lo.'iin 7:i 

0.(ii ij.0f;sin.n4r) 
U.S0!(). IDSID.lJTl) 
2.8U[l).D17j0.Ull 


Fi^rroua MiHala iiand in Torsion Tuats. 


A 


0 003 



O.Pll 

0.024 

0.73 
1). 50 

0.117 
0 . no 

n. los 

0 101 

» 

Cunihi'rliind (\ R. HhaftiiiK. 

0.083 


r 

f). H. Marliiijcrv . 

0 . O.SjC 



0.024 

0.41) 

0.020 

0.013 

D 

E 

31% nirkel vanailiulii Hiecl. 

25% nirki'l-atrrl. 

0 305 
0. ISO 

.3.25 

2.5 0.3 

0.45 

0. 132 

0.45 

0.042 

0.032 

F 

30% nickel-ati'i'l. 

0 275 

30.02 


0.140 

2.80 

0.017 

0.011 

P 

35% r. rumbrrlund C. R. 

0.375 

( r 


0.120 

0.51 

0 50 

0.013 

N 

Vauadiimi Tool Steel. 

0.722 

0.40 

n. 145 

0. 1 Of) 

0.32 

0. o:m 

0 014 


The behavier of the eold-rolled shafting]:: and the east stet‘1 is in aerord- 
ance witli (he data of Art. 810 and 812. The 30 per ei'iit iiiekt*! steel shows 
similar ehaiiKes in strength properties Imt exhibits mueh higher ductility 
at teinperatures under 000” F. than either of the other steids. 

819. Effect on Torsional Properties.—Data on the strength and angle 
of twist und(‘r torsion is given for 15 metals in Fig. 11. With the excep¬ 
tion of the carbon steels, all of the metals tested show a progressive falling 
off in torsional stnaigth as the temperature is increased above 70° F. 
The curves for the carbon steels are somewhat similar to the tensile strength 
—temperature curves. In these tests also, the Monel metal shows both 
high-shearing strength and ability to withstand severe overstrain. 
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820. Effect on Modulus of Elasticity. —It is to be deplored that the 
effects of temperature on the stiffness of these metals was not noted. From 
tests made at the Berlin Testing Laboratory in 181'3 it appears that the 



Fit}. 10.—Effecls of \'ariatir)ri in l’t‘iiij)i;ra1.iirr on tlie 'I’pnsili; Properties of Different 
Cominercial Alloy.s. (Bregow.sky anil Spring.) 

modulus of elasticity copper and cast delta metal increase 10 to 15 ner 
cent as the temperature increases from 70 to 200° F. and then fall off 
rapidly as the temperature is further raised, reaching room-temperature 
values again when the temperature reaches 400° F. Rolled delta metal 
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exhibited more pronounced diminution of stiffness with increase in tem¬ 
perature than did the cast delta metal. A 4 per cent manganese bronze 
had as high modulus at 600° F. as at 70° F. 



Fia. 11.—EiTprts of VariMtion in Temperature on tVie Torsional Strength and Angle 
of Twist of CDinmercuU Rolled Alloys. (Rregowskj- and Spring.) 








CHAPTER XXVm 


FATl(;Ul!: OF METALS 
I^Y ,1. B. Kummeus * 

821. Fatigue Defined.- Expnrinirnls luivo shown that metals will fail 
when loads are ri'peatral thousands or millions of tiiiu's, not v)idy at unit 
stresses less than the ultimate, but oftcai at unit stressi's less ihau the 
elastie limit. This tyjie of rupture has been railed ffilifjiff failure. 
Although tlit‘re is oo giauTally aeee])tfMl explanat i(*n of the nua'liaiiism of 
fatigue of metals, Cough t has shown that for ductile materials failure is 
initiated Ijy the maxiinum component of shear stn^ss on tin* planes of “easy 
glide.” ill the crystals of tli(‘ metal. RupUiri‘ is starliM! t»y locjilized ileform- 
ation which develo])s into a crack that sjireads to laihin'. 

Repeated stri'sses may be com])letely r(‘versi‘d, as in a rotating beam; 
tViey may bi' partially rc'versinl, as for an a.xial tension ri'versed to a smaller 
axial compression; (jr tlu‘y may allernati^ bidween an upjn'r and lower limit 
of tension, coiiipressioii, or sliear. Jn a rotaiing ix'am ti'sl one “cycle” of 
stress occurs during eacli revolution of the si)ecim(*n, as the unit stress on 
the outer fibtu’ jiasses througli a maximum comjiressivi^ stress and then a 
maximum ten.sile stress. 

B22. “Crystallization” of Iron and Steel. - Sinci* fractures ihie to fatigue 
often show a decided ciystalline ap|iearam;(-, thi‘ laroneoiis idea has arisen 
that the repeated stresses causeil tin crystallization. Thi‘ fallaty is 
dtanonstraterl thus: Take a bar which iias failial with ciystalline frai-turt^ 
in fatigue, groove it, and break with a single [)low. A crystalline fracture 
will again be revealed, showing that .such structurf^ is inlifTent in the bar. 

823. Experiments on Fatigue.— in 1804 Sir W. Fairbairn published 
som(‘ results on a riveteil wrought-iroii gird(‘r sulijectrnl to reiieated stresses 
and included earlier experiimaits by ("aptains James and Gaston. Fair¬ 
bairn concluded from his I'xperirneiits that it. was not safi* to usr* a repeated 
stress wliich was mon' than oiH^-tliird of tlie ultimate striaigth. 

In 1870 Wohler published the r‘suits of a very exhaustive set of experi¬ 
ments which incluil(‘d repc'atod tcrsion, bending, and direct stress. The 
important conclusions drawn from Wiihler’s c‘xp(‘riments are; 

1. Wrought iron and stf^el will rupture at a unit stress much below the 

* Prufps.sor of MccbjiniP'^ in the University of Wisronsin. 
t Proc. A.S/r.M., Vol. .'iS. l‘J33, p. 3. 
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ultimate strength and even below the elastic limit, if repeated a sufficient 
number of times. 

2 . Within certain limits, the range of unit stress, not the maximum 
stress, determines the number of repetitions for rupture. (By range of 
unit stress is meant the algebraic difference between the maximum and 
minimum unit stresses applir^d.) 

3. As the range is diminished, for a given maximum or minimum unit 
stress, the repetitions for rupture increase. 

4. For a given maximum or minimum unit stress there appears to be a 
limiting range for which repetitions for rupture become infinite. 

5. As the maximum unit stress increases the limiting range of stress 
diminishes. 

Hiese results will be better understood by a consideration of Figs. 1 
and 2, and of Goodman’s diagram shown in Fig. 3. Figure 1 shows the rela- 




Fig. 1. Tig. 2. 

Fig. 1. — W DIiIit’s latijrno Tests on Iron Axli\s, uiirlf'r rnpoaii;';!! BiMidings from Zhfd 

to tho Stress Indioatod. 

Fig. 2 .—Wohlrr’s Fjitiguo Tests on ItuUitinu lljir.s, unilnr Fquiil anil Opposite Strossas. 
llango Is Twii-e the Stress Indicated. 

tion betwHH'n unit stress and repetitions for failure wdien the maximum 
stress is as indicated and the rniiiiinum stress is zero. Figure 2 shows the 
case of equal and opposite stn‘ss in a rotating bar. In engineering the 
term “endurance limit” is used to designate the maximum unit stress 
which a metal can withstand for an indefinitely large number of cycles of 
stress. In Fig. 1 the endurance limit would be less than 38,000 lb. per 
sq. in., and in Fig. 2 it w ould be about 19,000 lb. per sq. in. 

In Goodman’s diagram, shown in h’ig. 3, the minimum values of the 
limiting ranges are plotted as percentagtvs of the static ultimate strength, 
forming the straight line DOB. The maximum unit stresses are then found 
to fall along a line CAB, which intersects the line OE at a point which 
is 50 per cent of the static ultimate. The values originally plotted by 
Goodman wa>re for cases in wdiich the material had withstood over 4,000,000 
cycles of repeated stress. 
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It is evident from this diagram that as the maximum unit stress is 
increased the number of repetitions before rupture can be kept very large 
provided the range is decretised. If the maximum unit stress is 50 jx>r 
cent of the ultimate, the repetitions before rupture can bi' greatly increased 
if the minimum stress is some value greater than zero. As the maximum 
unit stress approaches the ultimate strength of the material, the limiting 
range decreases. The figure also shows that for (‘n\ial and opposite stresses 
in tension and compression the 
limiting stress is 33 per cent of 
the ultimate. 

Since Wohler performed Ids 
experiments many other in¬ 
vestigators have carried on 
researches with the object of 
stud}dng the phenomena fur- 
thiM’, and of determining the 
efidet on the rej)etitions for 
rupture of such factors as lieat 
treatnu'iit, speed of repetition, 
condition of the surface of the 
specimen, and variation in 
percentag[‘s of carbon and 
other iiigre(li(uits. The rela¬ 
tion of limiting stress to elastic 
limit and ultiinat(‘ strength has 
also bt'en considered. For a bil)liography of the work on fatigue, consult 
Faiifjue of MeUih, l)y Moore anil Fommers. 

In Fig. 4 are sliown some eharaeteristie, “S-N diagraTns” obtained 
from results of fatigue tests. Figure 4(fl) imlicatr's thi' e/lVci of hc^at treat¬ 
ment of a high-carl)on steel on the endurance limit, wliereas l^'ig. 4(f)) shows 
the influence of abrupt clianges in cross-section on Ihi^ i iidiirance limit. 

Tables 1 to 3 give static and fatigue properties of steels and nonferrous 
metals. For cast iron, see Art- 762. 

824. Effect of Heat Treatment. —As Fig. 4(a) slujws the fatigue strength 
of iron and steel is gr<*atly innuenced by heat tn^atment. Overheated 
steel is always weak, but can often be n*stored by reheating. Annealing 
in general decreases the endurance. Steel in the sorbitic condition seems 
to be especially resistant to fatigue. It is certain, however, that the effect 
of heat treatment must always depend greatly upon the previous history 
of the material. From the few data that are availabhi it would seem that 
when metal has been subjfooted to repeated stresses it cannot V)e restored 
by annealing or by rest. These results are probably due to the fact that 
the metal had been so highly wstressed or the number of repetitions so large 
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steel No. B, p.93 C., TroDstitic 


0.93 C.. Sorbitic 


StLL‘1 No. C. j9.l)3 C., Pearlitic 


1 lUlel radius 


V4 fillet rarliu 



0 
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Steel Nt 

*. 10. 0 


lU- Uyeles iu« for 10“ Rupture 10^ (N) 10 
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Fig. 4. —Typical S-N Diagram for Ferrous Metals. (From Bulletin No. 124, University 

of Illinois, 1920.) 

that slip bands or actual microscopic fissures had been formed which were 
not healed by annealing. 
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826. Effect of Speed. —Moore and Jasper * found that at a speed of 
200 cycles per minute the endurance limit was about 2 per cent lower than 
at 1500 cycles per minute, and that at 5000 cycles per minute the endurance 
limit was the same as at 1500. Ilopkinson and also Jenkin have found 
that at very high speeds the endurance limit increases with the speed. 

826. Effect of Surface Condition, Change of Section, and Size.—A 
flaw on the surface, a notch, or an abrupt change of cross-section causes 
high localizi‘d stress, and the endurance limit is thereby reduced. Figure 
4(6) indicates that an abrupt change of cross-section may reduce the 
endurajice limit as much as 50 to GO per cent. Figure 5, taken from a 
paper by Karpov,f sliows apiiroximate curves for the reduced endurance 
limits which may l)e expected from stress concentration. Sensitivity to 
stress con ceil Iratioii increases with the tensih; strength. 

Size appears to influence the endurance limit only in so far as it affects 
homogtmeily of the nialerial. In tests made by R. E. Peterson % no 
important size effect was found with sp(^cimens varying in diameter from 
0.05 in. to 2 in., for four different carbon steels. Very small cast-iron 
specimen.s gave scattering results, but the larger specimens showed no 
size effect. No sizt^ effect was found by R. L. Templin for cast-aluminum 
alloys, nor by II, F. Moore for nuHliuiii-carbon steel. Stress concentra¬ 
tions influence large speciinens more t han small sj)eciinens. 


TABLE ATIC AND I'WTKUM] PIIOPEHTIES OF NON-FERROUS 


I\I li'/tA l.S (Heavy iiiptiiLs ahove, liftht iTintals la'lnw, line.) 


JVlatE-riaJ 

1’mport.iDiial 

l.iinit, 

Iti. in.2 

Tpii.silp 

St r png 1 Ii, 

lb./ in .2 

El onga- 
ti un 

in 2 in., 
per cent 

Meilne- 
t i on of 
Area, 
per cent. 

Hrinell 

Number 

Eniliir- 

ance 

J.iinit, 

Rotutiiig 

lleaiii, 

lb./ in. 2 

- 

In vrfsti- 
KiiLni-i' 

Goniipr, uiineiih'il.. 

:hl7l) 

32,100 

50.4 

71.4 

47 

10,000 

M & J 

<'r)|n)rr, rolil iliiiwii. 

IhS.lOl) 

."iti.’JOO 

0.5 

52.0 

104 

10,000 

M & J 

SI la Uni.s.s, rold ilniwii. . . . 

•Jl.lHKI 

7li,.S00 

16.0 

04 . M 


23,000 

M 

7H .'h) Ih iLN.s, f’dlil n)llcfl, . . . 


73,200 

20.0 

40.3 


17.500 

M 

(ir» 6 UronzK, polti ilr:iwii.... 

r)!),!»00 

sri.loo 

11.7 

07.0 

ioo 

27,000 

-M & .1 

Ml li nilil rullpil. . . 

DH.OIM) 

S2,H00 

37 . S 

03 0 


27,000 

M 

Mii-UrmiBL', I'jihil. 

l.'i.lMlI) 

70,01)0 

,32.S 

40. S 

03 

17,01)0 

HM 

Nirlvpl, rnlii rullcil. 

7I.IUU) 

l(Wi,200 

12.2 

IS.S 


' 40,000 

M 

Mniirl liinl:vl, liul i-[il|[!il. . . . 

-ehfioo 

S!),S00 

40.4 

00 3 

100 

32,000 

M dt .1 

Al-Uroiixr, pxIi iuIimI. . . . . . 


77,.^iU0 

3o. 5 

34.1) 

12 s 

34,000 

RM 

.Miiiiuniini. rnllpd. 


22,000 

16.0 

05 4 

4 5 

10,500 

RM 

Diirtiluniin, i uIIimI. 

2 : 1 ,oni) 

.'11,000 

16.0 

50.4 

100 

14,000 

RM 

Aluniinuiii iillnv. 


.'13,700 

24 0 



22,S00 

G 

Aluiniiimu-rtippi’r alhiy. . . . 

lii.niK) 

.'llh.'iOO 

24.2 

37 4 


15,1)00 

M 

Mg-Al tiJIiiy, MxIiMilril. 


30,000 

1 .5 . .5 

31). S 

'58 

15,000 

RM 

Mg-Al iilluv, furgnil. 

ll,4LU) 

41,300 

4.0 


01 

15,IH)0 

RM 

Al-Mg-Si ullov. 

l.-i.MDO 

4.'‘i,000 

17 4 

22 '3 


12,000 

M 

Ma-Gu iilloN', PTclnitled. 


30,000 

3 0 

3 0 

00 

11,000 

R.Vt 

Electron inetul. 

li.dOL) 

3i'i,r»oo 

17 .5 

20.5 

04 

17,000 

RM 

MugncHiiiin, exliuiled. 

1,200 

32..''.tM) 

0.2 

4.4 

41 

7,800 

RM 


“ .M it .1 M oorc ;ind .lasppr, M Mc.Ailam, HM U. U. xMoorc, G = Gough. 


* liuJlcHii No. K3(i, University of lUinni.s, p. .5S. 

t Modern Strcs.H Theories l.y A. V. Karpov, Trans. A.S.C.E., Vol. 102, 1937, p. 1184. 
lApidied Meihanirs, Vol. I, No. 2, 1933, p. 79. 
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827. Effect of Composition.—Results show that in normal steels the 
strength against fatigue iiicrea.se.s with the carbon eontent up to about 
0.90 per cent carbon. Heat tiTatment will, of course, greatl}'^ influence 
all results on carbon steels. 

liigrcLlients such as nickel, cliroiiiium, and vanadium apparently 



Fhi. 5.—llcduftion in KnilurLinci* StvinKth of Sli'ol Alloy.s to Hurfaco Conditions 

(A. \ . Ivarpov). 

increase the endurance, althougli this is a matter which has not beim 
studied systi'iiialicaliy. 

B28. Relation to Elastic Limit and Ultimate.— Residls show that for 
ferrous metals and alloys the correlation betwetni einhirancti limit anil 
elastic limit is not good, but ])etw(‘en endurance limit and tensile strength 
it is fairly good, and foi- reversed bending stresses averages 50 j)er cent of 
the tensile strength. Untler truly axial stresses the endurance limit for 
revi‘rsed axial tiMision-compn'ssicm is 75 to 110 per cent of tliat for reversed 
bending. For ordinary cases a safer ratio is 05 jxt cent. 

829. Torsion Endurance Limit.—Tests show * tliat the endurance 
limit of steels for completely rever.sed torsion ai)i)roximates 55 per cent of 
the endurance limit for complididy reversed flexure, varying between 44 
and 71 per cent. For non-f(‘iTous metals tlu* av eragc‘. value is about the same. 

For torsion stresses not completely reversial, tests show that the range 
of stress is nearl}^ constant for any ratio of minimum to maximum stress, 
and that the maximum stre.ss cannot exceed a cert ain value whicli is in the 
neighborhood of the elastic limit. The diagram for torsion stresses would 
therefore be unlike the. (ioodinan diagram. 

830, Rapid Methods for Determining Endurance Limit.—J. H. Smith f 
found wlien a certain constant range of stress was applied to a specimen 
repeatedly, and the mean unit stress was gradually increased, that at a 
certain maximum unit stress the exteiLsorneter readings increased faster 
than the mean stress. The range determined in this wa 3 " was found to agree 

* The Fnliffur of Metals, Motjrt* and KninnuTS, jj. 147. 

Jinir. Iron ami Siai Inti., 1910, t'cjl. 82, p. 210. 
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with the endurance range as determined by the more tedious Wohler 
method. This method has not been used by other investigators, but 
McAdam * has found an ** endurance yield point which he thinks is 
similar to that found by Smith. 

C. E. Strorneyer f has also suggested an accelerated test. He allowed 
water to flow around the sf)ecimen which was subjected to alternating 
torsion. By the use of thermonieters which could be read to 0.01“ C., he 
measured the temperature of the incoming and outgoing water. By his 
method the endurance limit is the maximum unit stress which will just 
generate heat in the test piece. 

The method developed at the University of Illinois X is similar in 
principle to that of Strorneyer, but is an improvement in that it uses a 
sensitive thermocouple for the detection of temperature change. While 
this method is reliable for many steels, tests have shown that it is not 
infallible, and cannot replace the long time test for reliable determinations 
of the endurance limit. 

(lOUgh § and Lea 1| independently developed an accelerated method 
based upon the fact that a rotating beam which has its load gradually 
increased will show a straight line relation between load and deflection up 
to the endurance limit, after which the deflection increases more rapidly 
than the load. This test also is not infallible for steel, and apparently is 
not applicable to non-ferrous metals. 

Gillet and Mack U shortened the time of fatigue tests by making use of 
the known fact that steels stressed at or just under the endurance limit are 
strengthened. They testetl specimens to 1 or 2 million cycles, and then 
raised the stress. If the specimen failed at a shorter life than a virgin 
piece at that stress (which very seldom happened) it would appear that 
the original stress was sliglitly above the true endurance limit. If it lasted 
decidedly longer than a vii-gin piece (which usually happened) it afforded 
evidence that it woidd have lasted longer, and probably indefinitely, at 
the original stress. By this method the stress was raised after each 
1 to I 5 million cycles until fracture occurred. The higher stress points 
were used merely as corroborative of a probable longer life at the 
lowest stress. 

D. J. McAdam** has made use of an accelerated fatigue^’ method 
which is peculiar to an inertia torsion machine which he designed. In this 
machine when a specimen weakens under repetition of stress, the angle of 

* Amer. Soc. for Test. Mnt., 1924. 

t Proc. Royal Soeinty, 1914. Vol. A-90, p. 411. 

X Biillcliu No. 124, University of Illinois, 1920, p. 159. 

§ ]|jn|i';ini?erinf!; (Loiuinn), 1921, Vol. 132, p. 1.59. 

li Knginpt'riiiK (London). 1923, Vol. 115, pp. 217, 252. 

H Prop, Aincr, Son. for Tost. Mat., 1924. 

•• Proc. Aincr. Soc. for Test. Mat., 1924. 
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twist of the specimen, and hence the total amplitude of oscillation of the 
flywheel increases. The nominal stress, therefore, increases during the 
gradual >delding of the specimen and accelerates the fatigue. This method, 
then, consists in rletormining the stress above which the deflection, and 
hence the stress, increases automatically until the specimen breaks. 

Moore and AVishart * have suggested a method based on the theory 
that cycles of repeated stress below the endurance limit increase the endur¬ 
ance limit and presumably the tensile strength, whereas for stresses above 
the endurance limit cracks begin to develop and reduce the tensile strength. 
The Rockwell hardness is determined on five or six fatigue specimens, 
which are then subjected to about 1,400,000 cycles in rever.si d bending, 
both above and below the estimated endurance limit. After this the tensile 
strength of the specimens is determined, the strength being called zero for 
specimens which failed. Making corrections proportional te the Ilockw^ell 
hardness, the data arc plotted using fatigue stress as ordinates and cor¬ 
responding tensile strength as abscissas. The endi rauce limit is taken as 
the ordinate corre^sponding to the maximum abscissa. 

At present, therefore, there is no accelerated test which can be confi¬ 
dently relied upon to determine the endurance limit. Any of the above 
methods may, however, be used to predict the probable value of the endur¬ 
ance limit, and in that way enable it to be determined by the use of only 
a few specimens. Since both the ultimate strength of steel and the 
Brinell hardness number show^ a fairly good correlation wdth cmlurance 
limit, these values may also be used to predict wdiat the endurance limit 
is likely to be. Such predictions should always, liowever, be checked up 
by determinations made from actual long-time tests. 

831. Bauschinger’s Theory of Failure.—Bauschinger showed f that the 
elastic limits in tension and compression as ordinarily determined were 
variable limits, which in many cases had been artificially raised or low^ered. 
When a bar was subjected to gradually increasing alternating stresses of 
equal amount in tension and compression, two equal elastic limits were set 
up in the bar. These he called the “iiaturar’ elastic limits, those deter¬ 
mined in the usual way being called the “primitive'' elastic limits. If the 
tensile elastic limit was raised by alternating stress, the compressive limit 
w-as lowered a definite, but not necessarily the same, amount. The elastic 
range found in this way under repeated stress was the same in magnitude 
as the maximum range; which could be applied repeatedly to a bar without 
causing rupture. According to Bauschinger’s theory, failure due to 
repeated stresses is caused by inelastic behavior, and, if stresses are kept 
within the “natural’’ elastic limits, failure will not occur. 

The results obtained by Bauschinger were confirmed by Bairstow.f He 

* Proc,. A.S.T.M., Vul. 33, 1933, p. 334. 

I Uiiwin’.s Tfiling of Malvrials of Construriinn^ p. 361. 

t Phil. yVan.'f. Royal Vol. A210, 1910, p. 35. 
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found that iron and steel, after a sufficient number of cycles, were capable 
of adjusting themselves to variations of stress. When this adjustment 
was complete, the specimen was found to be perfectly elastic throughout the 
whole cycle, and fatigue did not occur. For some cji-ses of completely 
reversed stresses ol)Hervations were continued almost to the breaking 
point, but the cxtensonuder gave no warning of the deterioration of the 
specimen. In other cases of stri^ss from zero to a maximum, even though 
the stress was great enough to cause ultimate failure, the extensometer 
was not sensitive enough to detect the small changes which first occurred; 
but repetition of stress, however, made the changes measuralde. 

B32. Mechanism of Fatigue Failure.—As pointed out in Chapter XX, 
metals are com])Osed of crystals, and the stnicture is by no means homo¬ 
geneous. When a bar is deformed there will evidently be unequal dis¬ 
tributions of stn'ss among the crystals, and, when the stress becomes 
sufficiently great in the most highly strained cr3^stais, they Avill give way 
by microscoi)ic rnovemiait along their cleavage planc\s. This gliding is 
manifested by “slip lines'’ on the surfaces. 

It has bef'ii shown by lowing and llumi)hrey * that failure may occur in 
fatigue by an incrf^asi'. in tin* number of slip) lines, a broadening of tlit^se 
lines, and the initiation of a crack along the broadeiuul slip lines. Hoav- 
ever, it has also l)e(‘n shoAvn by later (\\[)eriun‘nts that slip lin(.*s may be 
produced without causing final faihin‘. 

Within the past fiwv years two new methods of attack have beiui 
developi'd in attianpts to d(dermine basic changes in material preceding 
fatigue failure. 

Gough t iiud hi.s colleagues in iMigland used precise X-ray diffraction 
methods to study the change's which the microscope cannot reveal. Tiu'y 
fouml on a norinalizeui inild steel that, whatever the typ)e of stressing, and 
wdiether static or cyclic, the effect on the crystalline structure is one of 
destruction of the crystals. This leads to the material be'ing ahvays in one 
or more of three conditions: (a) perfect grain; (1)) dislocated grain; and 
(c) crystallites, Avhich are very small crystal fragments having random 
orientation. 

Under fatigue stressing, at the first application of the maximum stress, 
some ilamage is eaust'd by break-up, varying in amount acconling to the 
extent hy Avhich the stress exceeds the yield point. The endurance limit 
correspoiAtls to the maximum range wliieh will cause no further break-up. 
If the applied range of stress exceeds the safe range, break-iij) into crystal¬ 
lites sets ill, causing destroyed structure in the immediate neighborhood 
of the crack. 

* Phil. 7Vnm. Rmj'il Sorivly, Vol. 2tX1, 1003, p. 241. 
t Thv EngincfT, April 30, U137, p. ^520. 
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KoinmtTs,* in a difforont way, Inis investigat tnl the effect of overstress- 
ing on the fatigue strength. Various specimens were subjt'cted to, say, 
10 per cent of overstress, for v^arious nuiiibi^rs of cycles less than the 
nurnlK'r that would cause failure. By haA'ing a series of specimens, it wsis 
possible* to detfaniine the new enduraiice limits after specimens had been 
overstressed for various periods on the journey toward failure. 

In each case the p(‘rcentage by which the new endurance limit was below 
the virgin endurance limit was calh'd the percentagi' of damage. It was 
thus possible' to draw damage curves which showc'd the changes in fatigue 
properties as tlie spf'cinieo approached failure. These' fl.aiiiage curves 
showed that for small ruiiidaas of cycli's ami small pf'rceiit agt*s of overstress 
it WHS possilth' to produei' an actual increase in the original raulurance 
limit. However, when the nundtia* of cycles increased, the percentage of 
damage usually incit'ased also. 

It has lK*en shown by many (experimenters that wh(eri a specimen is 
subji^cti'd to long periods of fatigue just below the endurance limit, llu* 
fatigue strt'iiglh may bi' increased. This strengtla'hing jiroct'ss seems to 
Ix' a proiM'ss of repel itivi' cold work. The ti'sts on ovi'i’stressing and 
inuk'rstressing indicate that the endurance limit is not a fixial (]uantity, 
but oni‘ that may be manipidaletl l)y various stressing methods. 

833. Formulae for Dimensioning Members Subjected to Fatigue.— 
AVorking ind(‘j)('nden1 ly of Goodman, J. B. Jolmson f di*v(‘loped a diagram 
simiLir io that of Goodman. Jolinsr)n also d(‘veloj)(‘ii a formuhi which was 
simplifii'il by Barr, and which can b(‘ usc'd in j)lace of thi‘ diagram. The 
formula is: 

= .( 1 ) 

1 “ ().;) r 


in Avhich >Snmx is the maximum unit stress during a cycle, Su is the ultlmatci 
tensile slrength of the metal, and r is the ratio of tlie minimum to tlm 
maximum unit stress of a cych'. Th(‘ above' formida is for unit stresses 
which would cause failure, and it should Im* noted that r will be ingative 
if the stre.ss is reverseii. 

A formula for wa)rkiiig unit stressfcs may In* employrul by dividing 
Su by a suitable factor of safi'ly. The formvda tiieii becomes: 


0.5 *S.- 
“l-0.5r 


(2) 


in w’hich is a w’orking unit stre.ss. 

♦ Proc. A.S.TAf., Vol. 8S, 1938, p. 249. 
t .lohiisiiii, Malvriais of Coiistructiffrij 5tk cd., p. 781. 
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Formula, (2) will be illustrated by two examples. 


Example 1.—Suppose that the minimum imit stress of the cycle is 0.7 of the maximum 
stress, and of the same sipi. If the ultimate strength of the material is 60,000 lb. per 
sq. in., and the factor of safety is 4, determine the maximum working unit stress. 


ty/ 

tJ max 


0.5X60,000 

4(1-0.5X.7) 


= 15,000 lb. per sq. in. 


Example 2.—For the same material, with the minimum stress 0.5 of the maximum 
stress in the opposite sense, determine the maximum working unit stress with a factor 
of safety of 4. 

0.5 X 60,000 

= =6,000 lb. per .sq. in. 

4(1 +0.DX.5J 


Modified Johnson Formula .—In 1922 Moore, Kommers, and Jasper * 
suggested a niodification of the John.son formula, which was not based 
upon 0.33 a.s the ratio of the endurance limit for completely reversed stress 
to the ultimate tensile strength as required by the Goodman diagram. 
If iSi is the endurance limit for completely reversed stresses, and So is 
the endurance limit for stresses from zero to a maximum, the new formula 
is based upon an experimentally determined Si for each metal, but retains 


the ratio 1,5= — , as required by the Goodman diagram. 


The formula is: 


*Sniax — 


3 .5i 


(3) 


in which the notation is the same as before. 

A Modified Diagram .—There are a number of objections to the Good¬ 
man diagram, shown in Fig. 3, and the formulae derived from it. Com¬ 
paratively few experiments have been made to verify the correctness of the 
diagram, and for ferrous metals and alloys the average ratio of endurance 
limit to tensile strength is more nearly 50 pf*r cent rather than 33 per cent. 
A still more important objection is the fact that it would probably never 
be dt^sirable to use a maximum stress in a cycle which e.xcecds the yield 
point of the material, because such a stress could cause undesirable 
permanent deformation. 

Experiments made in Europe have vSUggested a modified diagram,f as 
shown in Fig. 6. The point C in the figure represents the value of the 
yield point, and OA and OB the endurance limit for completely reversed 
stresses. The abscissas represent the average or mean unit stress in the 
cycle, instead of an arbitrary scale as in the Goodman diagram. When 
the same scale is used for ordinates and abscissas, the line OC will be a 
45-deg. line. Two straight lines are drawn from the yield point to the 
\o\. 22, 1922, p. 266. 

t See “Di\sign-Stress Diagrams,” J. B. Kommers, Prfxluct Engineering, October, 
1938, p. 395. 
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plus and minus values of the endiu^nce limit for completely reversed 
stresses, and these lines represent the values of maximum and minimum 
stress. 

The formula which expresses the relationships in such a diagram is 
as follows: 


*Siinaii“ ^ .(4) 

(l-r)4-|^ (1+r) 

A-Sy 

in which the notation is the same as before^ and Sy is the yield point or 
yield strength. 

The following relationships may be of interest in connect ioii with Fig. 6. 
±^58.= alternating unit stress in a cycle, ASav = mean or avt'rage unit stress 
in a cycle, 

-S„„=*S.v+5., = 


When the endurance limit for completely reversed stresses and the 
yield point or yield strength are known, a ^ 

diagram like Fig. 6 may be easily C()n- 
structed, and formula (4) may be used. 

It should be understood clearly that the 
use of this diagram and formula is advo¬ 
cated only when the designer is wa)rking 
with materials for whicli complete infonna- 
tion regarding the various fatigue limits for 
different ratios of r is not available. 


Exarnph. —A materia,! has an ultimate ten¬ 
sile strength of 78,000 Ih. per sq. in., a yield point 
of 52,200, and an endurance limit for eompletely 
reversed stresses of 34,000. If the iniiiiimim 
unit stress is 10,000 Ih. per sq. in. rorapressive, 
and the maximum unit stn‘s.s is 20,000 lb. per 
sq. in. tensile, determine the factor of safety fur 
repeated stresses, and the factor of safety as based 
upon ultimate strength. In this case r= —0.5, and 

2X34000 

from formula (4): iSimax=-34000 ^ 



Fjg. 6.—Modified Fatigue Stress 
Diagram. 

37,200 lb. per sq. in. The factor 


of safety for repeated stresses is, therefore, 37,200 divided by 20,000, or 1.86. The factor 
of safety with respect to the ultimate strength may be found by considering that the 
point C in Fig. 6 corresponds to the case of static loading, when r is unity, and the 
alternating stress is zero. In this case the ultimate strength is 1.5 *Sy; therefore 1.5 
multiplied by 1.S6, or 2.79, is the factor of safety with respect to the ultimate. 
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834. Corrosion Fatigue. —In 1917 B. P. Haigh * showed that the 
BimiiltaneniiB action of rcpcatiMl stress and a corroding agent may reduce 
the ordinary fatigue strength of a metal, D. J. McAdam, in the United 
States, has studied this subject very exhaustively, and a large amoTint 
of work has been done on corrosion fatigue both here and abroad. 

With fr(\sh water as the corroding agent, the endurance limit or cor¬ 
rosion-fatigue limit f()r carbon steels and ordinary alloy steels ranges from 
66 to less than 15 per cent of the endurancr' limit in air. The corrosion- 
fatigue limit is still lower whtai salt water is the corroding agent. The 
corrosion-fatigue limit sta'ins to b(^ improved very little either by heat 
treatment or by chemical composition, unless such hi'at treatment or 
composition [iffi‘cts cf)rrosion rt'sistance. For ‘‘stainless’^ (higli-chromium) 
and otlif‘r corrosion-resist ant steels, the corrosion-fatigue limit is higher 
than for carVK)n st(M‘ls and other alloy steels. 

Figure 5 shows curvi's indicating the approximate reduction of endur¬ 
ance limit which may be expect(‘d with fresh and siilt water corrosion. 

In 19;i7 Gough f n'ported on six different materials, both ferrous and 
non-ferrous, and stated that, using a salt spray for thi‘ corroding medium, 
no emluranc(' limit was found. These results would indicate that any 
unit stress, however small, will finally cause failure if contimu'd long 
enough. 

836. Fatigue Tests of Riveted Joints. —There is at present a definite 
interf\st on the part of engineers in determining the fatigue properties of 
structural ami macliine mt'inbers, ratlu'r than merely determining the 
fatigue properties of spt'cimens cut from these members. The presence 
of rivet holes, mill scah', abrupt changes of cros.s-section, and other stress 
concentration (tT(‘cts t(‘nd to reduce the endurance limit of such members 
below the value obtaiiifal for poli.shed fatigue spiaimens. 

The fatigue tests on rivided joints reported by Wilson and Thomas f 
show SOUK' interi'sting comjiarisons. Table 4 gives the fatigue strength 
of polished s|)eciiiiens, plates in two different conditions, and plates of 
tlie actual riveti'il joints. The test spe^cimens in each case were subjected 
to str(^ss(‘s from zero to a maximum tension. 

These results indicate that the plates of the riveted joints have al)out 
the same fatigue str(?ngth as the plates affected by the stress concentration 
of drilled holes and mill scah’. The results also show that as the static 
strength of the plates increases the effect of stress concentration increases. 
This is a confirmation of some of the curves shown in Fig. 5. 

* Jour. Inst, nj Metals (Brit.), Sept. 19, 1917, p. 55. 
t Engineering, Vol. 143, 1937, p. 673. 
i Bullvtin No. 79, University of lllinoi.s, 1938. 
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TABLE 4.—FATIGUi: STKENC/ra OF VARIOUS TYPES OF STRUCTURAL 

STEEL SPECIMENS 



Strenjifh, 

Hill it) Lif 

Rutin of Fiilificue 


ib. per .sij. in. 

FulIKlIP 

StlPIlKtll to 

if SiUM'inieii 

i- - -j.- 

Si re until 

to 

Fiilinvie Siren Kill 
of I'niiislied 


1 

siipiiniii 

Spei’iiiipii 


rAllllIlN STEni. 


Round, niarhiiied and prili.shsrl. , . . 

1)1. Tim 

■17.mm 

11 T.’l 

t 1)1) 

l^late, with mill HPale nu two sides. 

1) 1 ,.^01) 


II -I'.i 

1) 1)7 

rintp., willi mill .scale un two side.s and Ipin. 
drilled liole. . .. 

1)1,SIH) 

L’ i.jim 

i) .'M 

l) 17 

dales ul riveted jnintis. 

l):i,|jlrti 

L'.'i.iMm 

0 , li 

I) .“irt 


.Silicon Stekl 


' 

Round, machined and polished.i 

1 

! 81,7110 

'.li.iP -'I 

1) im 

1 III) 

Plait*, witli mill scale on Iwu .sides. 

.K|..S|)I) 


0 M 

1) I'l l 

JMate, w'ith mill scale on two sides and IJ-in. 
drilled linlu..' 

.80,801) 

2 : 1 ,m)i.) 



l^lales of rivelci joints .. 

.SO,2011 

2.'i,liim 

II .‘111 

0 i:\ 


Nickel Stkei. 


Rnund, machined and pnli.shed. 

im.ooo 

7 1,01)0 

11 7.‘) 

1 . 1)1) 

JMate, witli mill scale on twn siiles. 

!)!i,imi) 

:io..Mio 

0 10 

i)..''>:j 

Plate, with mill .scale on two side.s and IJ-iii. 
drilled hole. 

'.m,oim 

2i,;{()0 

I) 2a 

0. Xi 

Plates of riveted joiiit.s. 

1)0,000 

20,Tim j 

|i 27 

o.dfi 


836. Fatigue of Non-ferrous Metals. —The lesulls iliseussed thus far 
in thi.s chapter have in ih) mostly witli wrouglil ferrrjus metals. Very 
little information i.s available on the fatigue strength of cast stind or cast 
iron. The stiuly of non-ferrous metals arul alloy.s is being carriml on at 
the present time, and results tlius far indicate that in many resi)i‘Cts there 
is considerable similarity in thr; behavior of ferrous and non-fiTrous metals 
in fatigue. Both types of metal show a higher einhirance, limit for cold- 
worked metal than for annealed metal. Both slifjw increased fatigue 
strength from stressing below the enrluranc(‘ limit. Both show poor 
correlation between endurance limit and proportional limit or percentage 
of elongation. Both show marked reduction in endurance limit due to the 
presence of notches or sudden changes in cross-section. In both metals 
the effect of notches is not as serious as the calculated local increase of 
stress would indicate. 

R. R. Moore * found for some light-weight aluminium-magnesium 
• Proc. Amer. Soc. Test. Mat., 1924. 
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alloys that the endurance limit was determined at 1,000,000 cycles. On 
the other hand, at the University of Illinois tests on monel metal have 
been carried out to 500,000,000 cycles without any indication of an endur¬ 
ance limit. These and other results indicate that there is great variability 
in non-ferrous metals in the number of cycles to which tests must be carried 
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Cu. 40% Zn. Bronze, No. 104, 1)5% Cii, 5%; Sn. 

(From Bulldin No. 142, University of Illinois.) 


to determine the endurance limit. Fig. 7 shows some characteristic S-N , 
diagrams for non-ferrous metals, obtained at the University of Illinois.* 
R. R. Moore found for the light-weight alloys mentioned above that 
the ratio of endurance limit to ultimate tensile strength varied from about 
0.26 to 0.39. This is less than is usually the case with ferrous alloys. 
He also found that it seems to be more common with non-ferrous alloys 
than with steel to have the endurance limit greater than the proportional 
elastic limit in tension. This fact taken in conjunction with the previous 
statement indicates that the proportional elastic limit of these alloys was 
a smaller proportion of the ultimate tensile strength than is usually the 
case with ferrous alloys. 

• BvlUHn No. 142, University of Illinois, 1924, p. 63. 
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THE CORROSION OF METALS* 

Hy O, 1’. W'ATTSt 

837. Importance to the Engineer of a Study of Corrosion.—For nearly 

n cpiilury tlu' jirolik'iii of provciilinp; tho corrosion of has engaged 

the at1entif)ii of scieiilific aiid praetieiil men, liiul an enormous amount of 
experiiiiiaital work has l)een done on tliis sulijiad ; yet we are still far from 
a satisfactory solution of the problem. Witli the enormous piasent use 
of metals this svdiject has become more import; d tlian ever l)efore to 
every manufacturer and user of metals, to all invners of structures in 
which metal is largely employiMl, and to ev('ry engineer who has to deal 
with the construction or usi^ of modern buildings or machinery. Even 
reinforcement det'ply buriial in concrete is not immune frt)m corrosion. 
The statement of an cmiiu nl chemical engineer, that rust taxes the 
I)eople of the Ihiiterl Statt's rS7,00(),(K)0 annually,’' is piobaldy an iinder- 
ratlu'r than an over-estimat(‘. Over (K) j)(‘r cent of the zinc produced 
in and imported into this country is used for galvanizing,! to fight rust. 
Eatdi yi'ar sees a laigta (‘xtiait of jmdal surfaces expose;! to corrosive 
influeiices, and therefore tlie tax h‘vied on liuiuaii indust ry by the corrosion 
of metals is continually increasing. When to the direct loss due to the 
destruction of metal there is added the cost of paints and other coatings 
used to prevent corrosion, the total tax cliargeable to this source is 
stupendous. 

Since the rusting of iron is the most important case of corrosion, 
and because it has been through the study of this phenomenon that our 
present concey)tions of the nature of the process of corrosion of metals 
has been chiefly derived, it is fitting that this should receive special 
attention. 

* RpfRrnnres: Sung’s Corroaion of Iron and Sieid. McGraw-Hill, 1910. 

Cushman & Gardner’s Corrosion and Protection of Iron and Sled. McGraw-Hill, 
i910. 

Friend’s Corrosion of Iron rind Steel. Longmans. 1911. 

Metrd Corrosion and Proiertion. A very complete bibliography. PubliBh«d by 
Carnegie Library of Pittsburgh. 1909. 64 p. 10 cents. 

t Associate Professor Emeritus of Chemical Engineering, ^Phe Univ. of Wisconsin. 

t W. A. Cook in Mdal Worker^ 1916, 85, 849. 
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B38. Great Variation in the Durability of Iron.*—Cast-iron water 
pipe laid in France between 1664 and 1668 was in use in 1904, and probably 
still supplies water to the great fountains of Versailles. London and 
Glasgow have records of 120 years of service from cast-iron water pipe. 

One of the most remarkable examples of the durability of iron is the 
column of Kuntab Minar erected at'Delhi, India, 900 b.c., which is still 
in excellent condition after nearly 3000 years exposure to the weather. 
An American example of remarkable longevity in wToaght iron w^as the 
suspension chains of the old bridge over the Merrirnac River at Newbury- 
port, Mass., which was removed in 1909 after 99 years of service. The 
chains were seemingly good for another century of u.se, in spite of the fact 
that they had been exposed to the weather without any protection for 
the greater part of this period. 

On the other hand “in 1869 the British troop ship Meyarra had to 
be l)eached at St. Paul’s Island to prevent her sinking. Among other 
serious defects was a copper .strainer fitted to a bilge suction pipe in a 
remote part of the ship. The action set up by it was sufficient to cat a 
hole right through the plates, and so admit water to such an extent that 
the ship had to be run ashore to save the crew.“ f 

Cases of the corrosion of boilers and of the copper and brass tubes 
of the condensers of marine engines have been described frequently, 
but at too great length to l)e quoted here. 

B39. Validity of the Acid Test for Determining the Relative Resist¬ 
ance of Metals to Corrosion.—Until comparatively recently most experi¬ 
mental work on the resistance to rusting of various kinds of iron and steel 
was based on corrosion by acids; l)ut it is now generally admitted that 
the acid test is not capable of determining the relative durability of dif¬ 
ferent varieties of iron and steel under atmospheric conditions, and although 
this test will doubtless still be frequently employed, its findings will not 
be considered conclusive. The only reliable test appears to be that of 
subjecting the materials to actual working conditions, a process which 
usually defers the vc'rdict for a number of years. 

B40, Relative Resistance to Corrosion of Wrought Iron, Cast Iron, 
and Steel.—In tiu hist 75 years numerous tests have been carried out 
For the purpose of ascertaining the relative resistance to corrosion under 
various conditions, of wrought iron, cast iron, and steel. The most exten¬ 
sive of the early investigations are those of Mallet J on the action of 
lir and water on a hundred different makes of these three materials, 
summaries of many later experiments may be found in Chapter 15 of 
Friend’s Corrosnrn of Iron and Sled. From more recent experiments 

• Mech, Eng., 34, 372; Am. Soc. Civ. Eng., 1867 (1), 26; Inst. Civ. Eng., 1853, 12, 487. 
t Admiral Comer in Jour. Inst, of MeUils, IDll, 5, 115. 
i Report of Bnt. Assoc., 1839, 1S40, 1843. 



DISSOLVED AIR STIMULATES CORROSION 


789 


there appears to V)e little tlioiee betAveen pootl, nxulerii wroiip;ht iron 
and steel as re{i;aJ lLs l esistaiiee lo c orrosion when ex|)i)seil lo the atmosphere, 
to wSea wattjr, or used as boiler tubes, or as pipes in water systtaiis. Stahl * 
finds that “ steel and iron tanks for storing sulphurii* acid last etjually well.” 

The remarkable diirMl)ility of east-iron water mains has been shown 
by the examples already cited. In eases of eorrositni by currimt straying 
from street railway tracks a similar leaching out of the iron often oiaairs, 
so that it is p issil)le to drive a nail deeply into, or twam entirely thi’ough 
a pipe tliat appears sound. Besities .shoeing a lessivr rate of corrosion 
both inside and outside, cast iron has an advantage over steel for Avater 
pipes ill an initial thickness six or seven times as gre;i(. Another faetor 
in the greater durallility ol east-iron pipe aj)pi‘ars to b(‘ tlie sejde formed 
on the outside of the casting by contact with tlie sand of thi' mold. Idle 
removal of this increased two to four fold the la'e of t oi rosion by air and 
by sea water.! 

041. Pitting.!—In tlie use of nudal for rofding, piiies, tanks, etc., the 
way in which the corrosion is distributed over the suihii’f^ may be (piite 
as important a factor in iletermiuing its usefulness as tlie Mctual weight 
of metal removed or eonvertcal into rust. If r'ormsion takes the form 
known as pitting, it is evident that the renirnal of a vtay small amount 
of metal iinyy end its usefulin^ss; whereas, if thi' eori’osion takes place 
uniformly over the wdiole suifaee, very many (hues tliis ainounl of metal 
may be removed before the apparatus hdls to sei A i' tlu' jnirpose for AAdiir‘h 
it was intended. In mnitral or faintly alkiiline solutions in which the 
rust initially formed remains altaehiMl to (he nietal, the rusting of v\rought 
iron and steel alinnst invariably takes the form of pittiiig, i.e., thn^p cnr- 
rosimi ennfined to small spots liert* and tliere on tii(‘ surface. An explana¬ 
tion of this peiuiliar type of corro.sion is given under the (vfTei t of rust, 
Art. 84;). 

B42. Dissolved Air Stimulates Corrosion.” It is generally recognized 
that the prestaicii of air in solutions st ijmilates the rusting of iron and the 
corrosion of many other metals and alloys. In ]S4.'t Mailed § said, “ It 
would be tle.sirable that the feed-water of mariru* boilers were lieatrui to 
above B)0° l'\ liefore entering them, and means providinl for the escape 
of the air discmgagtal, which now lujtnrs tlie lioilias and aiils much in 
corrosion.” Since that time the same reconimeiidation has lieen reiterated 
again and again. |i Not only is the con osion of iron by hot water greatly 

• Sang’s CorroHinn af Iron and Sird j). a!). 

t Tlnvaitc, Jour. Iron and Sird Inst., 18S0, (2), tjOT. 

J Matheson, Jour. Iron and SU’d Inst., 1009 (1), 10.^; Ito-sniihaiii, Trans. Faraday 
Soc., 1910, 237. 

§ Rep. Brit. Assoc, for A dv. Sci., 1843, 12. 

II Walker, Trans. Amer. Electrochem. Soc., 1908, 14, 186; Speller, Mech. Eng.^ 1910, 
37, 245. 
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lessened by removal of the air, but pipes carrying aerated cold water ore 
often similarly benefited. 

B43. Local Couples.—Whenever two electrical conductors of unlike 
materials are in contact with each other in an electrolyte a voltaic cell 
is formed, and there is a flow of current in the solution between them, 
one being anode and dissolving, if it is soluble in that particular solution, 
and the other being the cathode by which the current leaves the elec¬ 
trolyte. The efl’ect of such short-circuited voltaic cells, or “ local couples, 
in accelerating the corrosion of ordinary metals and alloys has been 
recognized and studied for nearly a century. 

An example of this is found in a report on the Panama Canal under 
date of January, Ifllo.* “ The top gate-valve seal is of cast steel and is 
held in place l)y bronze bolts. In practically every instance corrosion 
has been excessive around the heads of the bronze bolts, cutting away 
the metal and in some cases allowing the bolts to loosen and fall out.” 

844. Purity a Factor in Corrosion.—It is evident from a consideration 
of the corrosive (dTect on iron of contact with many other metals and 
alloys, that electro-negative materials present as impurities in iron and 
steel, or intentionally added as in making alloy steels, art^ likely tu have 
an accelerative effect on corrosion. From tliis standpoint wrouglit iron 
of the highest grade would be expeided to resist corrosion V)etter than steel, 
and the sujierior endurance of ancient iron over modern steel has often 
been attributed to tlie greater purity of the former. Several manufac¬ 
turers hav(; adopted “ purity ” as their slogan, and have put on the mar¬ 
ket iron of exceptional freedom from imj)uiities, claiming that their 
products resist rusting better than any other sheet iron or sleel. 

lii direct ojjjjosition to the advocates of highest purity are those who 
add O.I to ().2r) per cent of the electro-negative metal, copper, to iron, 
claiming that experiment t shows such ” impure iron ” to resist atmos¬ 
pheric corrosion and attack by acids l)etter ilian the pure irons. It is 
even eontendeil that the naiiarkalde durability of the iron of our fore¬ 
fathers, whose praises have been sung by many recent writers, owes its 
durability to the preseiu-e of a small amount of copjxu’.j: 

846. Effect of Mill-scale on Rate of Rusting.—One of the most com¬ 
monly occurring negative materials which comes in contact with iron is 
the scale of black oxide which forms whenever iron is heated in contact 
with the air. This was early recognized as an accelerator of the rusting 
of iron, and its comphde removal is specified, not only before painting 
or coating iron with some other metal, but whenever it is to be exposed to 
corrosive conditions. Although mill-scale itself is very resistant to 

AVic.s, MUG, p. 1005. 

t D. M. Buck, Jour. Ind. and Eng. Chem., 1913, 5, 447; 1916, 8, 209. 
t O. W. Storey, Trans. Arner. Electrochcni. Soc., 1917, 32, 211. 
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corrosion, it is brittle and therefore liable to be broken off in spots, and 
always contains cracks, so that when wet a shoit-cireiiited voltaic cell 
is formed, in which iron as anode corrodes more rapidly per unit of area 
exposed to the electrolyte than if the scale were not in contact with it. 

Oxide dissolved in steel should also accelerate rusting. S[x>aking of 
specimens of steel polished for mi'tallographic exainination, some of 
which contain oxide and others do not, l^aw says:* “ If these ltc kept side 
by side in an ordiiiar}’ loorn, it will be seen that the steels containing 
oxide begin to show signs of rusting long bc'fore the otliers, and in dilute 
acid solutions they corrtxle far more readily.” 

846. Nature of the Process of Rusting.—In spite of its occurrence 
for ages, it is only recently that the process of the formation ol rust has 
been understood. It has long been known that oxygen and moisture 
are necessar^^ for tlie rusting of iron, but the ixnct pari played by each 
was not known. The two modern Iheojies of the rusting oi iron are the 
Acid and the Elecirolytic Theory. Aci’ording to the hfimer the piesence 
of an acid is necessary to the formation of rust, l)ul e ven sn weiik an acid 
as carbonic may serve. The aciii causes the ineiui to dissolve, and the 
oxygen changes the dissolved metal to rust, tlieieby lil)eratiiig the acid, 
which is then capal)le of dissolving more inetiil, and so tht^ process goes 
on. After several years of careful experuneiiling Viy different investi¬ 
gators, it now seems to be established that moisture aiul oxygen are suffi¬ 
cient for the continued rusting of iron, so that the electrolytic tlieory 
of rusting is the one more generally aci*epted. 

Tile electrolytic theory postulates that when a ir.etal dissolves it goes 
into solution as ions, i.e., atoms each carrying one or more (according 
to its valence) electric charges, and that it is onl}^ by giving up its charge 
that a metallic ion can escape from solution ami become metal again. 
In the electrolytic cell this is merely visualizing Faraday’s law, that the 
passage of a given quantity of current through an electrolyte is accom¬ 
panied by the dissolving of a definite emount of material from the anode, 
and the deposition of a chemically equivalent amount at the cathode. 
All that the electrolytic theory of the solution of metals has done is to 
extend the operation of I'araday’s law, previously confined, m men^s 
minds, to electrolytic and voltaic cells, to every case of the dissolving 
of metals. Although no How of current can be detected when a piece 
of iron is dissolving in acid, it is believed that the ions of metal still carry 
electric charges into the solution and that the hydrogen displaced from the 
acid also carries its normal electric charge, just as if the metal were caused 
to dissolve as anode and the hydrogen to be deposited at some cathode 
by the application of an electromotive forcb external to the cell. 


Jour. Iron and Steel Inst., lt)07 (2), 103. 
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B47. The Function of Hydrogen in Corrosion.—The statement is 
sometimes made that it is the hydrogen of acids that corrodes metals. 
It is evident that this is not so. The function of the hydrogen of acids in 
corrosion is merely to supply inns that are easily displaced from solution 
by metals, and which also escape from their surfaces and so do not prevent 
free access of tlie electrolyte, as is the case with many metallic ions, 
which, though more easily displaced than hydrogen, adhere more or less 
firmly to the surface of the metal on which they are deposited. 

B4B. The Function of Oxygen in Corrosion.—So far there seems no 
need for oxygen in the electrolytic theory of the rusting of iron; but 
the dissolving of iron or any metal in an acid or any other electrolyte is 
(except where a change from a higher to a lower valence can occur, as 
with ferric salts) a case of displacement. Solution and deposition arc 
inseparable; if deposition is prevented, tlie process of solution is also 
halted. It is here that oxygen comes into play as a deciding factor in 
corrosion. If two sheets of copper connected by a wire are suspended 
in a solution of copper sulpliate, copper neither dissolves nor is deposited; 
the tendency toward solution or deposition at one plate is balanced by an 
equal tendency at the other. That solution sliall occur it is necessary that 
a slight E.M.F. be applied to the system, wlien not only does copper dissolve 
from one sheet, but an equal weight of metal is dei)r)sited at the other. 

In order that a metal shall dissolve in an electrolyte, e.g. hydrochloric 
acid, it is necessary that the forces tending toward solution and deposition 
shall l)e unequal. This idea has been stated in vaiious ways: that the 
chemical affinity of the metal for the acid radical must exceed that of 
hydrogen for the same; that the potential of the uu‘tal must be greater 
than that of hydrogen; that the potential of the metal must be greater 
than the discharge potential of hydrogen on it; or that the solution pressure 
of the metal must exceed that of hydrogen. Not only does it require a 
greater driving force to displace hydrogen on one metal than on another, 
but the force or ]X)tential required increases with the amount of hydrogen 
already displaced and present on the surface of tlie metal. It follows 
then, that the dissolving of a metal may begin in some electrolyte from 
which it displaces hydrogen, Init may be brought to a standstill before 
gas becomes visible and escapes, because the potential of the metal, or 
driving force, is no longer great enough to continue displacing hydrogen 
on a metal already highly charged with it. The only way in which dis¬ 
solving of the metal can then continue is for a portion of the hydrogen to 
be removed by some means, so that the force required to deposit more 
of it may again be less than the potential of the metal. To do this is 
the function of oxygen in the rusting of iron, first clearly stated by W. 
H. Walker in 1907.* “ It was formerly thought that the action of oxy- 

• JouT. Amtr. C/iem. *Soc., 2D, 1264. 
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gen as a factor necessary in corrosion was simply to oxidize the iron ions 
thrown into solution, and to precipitate them as rust. Wliile it is true 
that this reaction does take place, and is indeed iJie most striking function 
that oxygen performs, it is really a secondaiy one, which is simply inci¬ 
dental to corrosion and not a necessary part of the action. Its real 
accelerative effect is due to the fact that it depolarizes the hydrogen which 
is set free l)y the reaction, and separates out on the metallic iron.* (Con¬ 
firmation of this y'ww of the function of oxygen in ct)rrosion is seen in 
experiments on the corrosion of metals in acids,f in whicli the addition 
of oxidizing ageT.ls caused the rapid dissolving of several metals by acids 
w^hich alone have little or no action on them. 

849. Conditions Affecting Corrosion.—The corrosion of metals, inelud¬ 
ing the rusting of iron and any t)ther process which involves as a pre¬ 
liminary step the dissolving of a iiu'tal, reqiiin'S an electrolyte. The 
rate of corrosion is dctermiiual by Ohm’s law, i.e., it. varies directly as 
the E.IVl.F. and inversely as the resistance. Other coiulitinns being equal 
the lower the resistance of tlu' electrolyte the. more rapiflly is llie metal 
attacked. The rapid increase in the rate of (*orrosion oljsta ved with rise 
of temperature is due in part at least to the lessened resistance of electro¬ 
lytes at high teiiipiTatures. 

It is of (‘ourse to be expected tliat a metal will not dissolve' in an acid 
which forms an insoluble salt with it; wliy ai*ids altaik some metals 
readily, but not others, although the salts of l)otli are soluble, may be 
understood by a study of the following table: 
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Ae . 

-0.974 
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* Neuiiian, Zt'it. far Phyn. Chtvx., 18D4; 14, 'JDIi. 


* W. li. Walker, Jour. Iron find Ind., 1909 (1), 69. 
t Trans. Amer. Electrochem. Soc., 1917, 32, 17. 
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Corrosion of a metal by acids and by solutions of the salts of other 
metals can be predicted from Table 1. Except as limited by the insolu¬ 
bility of its salt, a metal is corroded by solutions of all metals below it 
in potential. If the potential of a metal exceeds the discharge potential 
of hydrogen on it, this metal is readily corroded by acids whose salts 
of the metal are soluble; but if its potential is less than the discharge 
potential of hydrogen, acids dissolve it only at the rate at which the dis¬ 
placed hydrogen dissolves in the electrolyte, is removed by the oxidizing 
action of the air, or is otherwise disposed of. The special power possessed 
by nitric acid of dissolving lead, copper, silver, etc., whose potentials are 
less than the discharge potential of hydrogen on them, is due to its being 
an oxidizing agent as well as an acid. 

The order and relative magnitude of the potentials of the metals 
not only foretells what metals will displace others from solution, but gives 
the order of chemical activity, and the stability of compounds of the dif¬ 
ferent metals, those of higher potential being more active and forming 
more stable compounds. The discharge potential of hydrogen is the 
potential produced by the accumulation of hydrogen on the metal to 
such a degree that it begins to escape in visible bubbles. The column 
marked “ difference ” is the result of subtracting the discharge potential 
of hydrogen from the potential of the metal, and its magnitude should be 
an index of the rate of corrosion of the different metals by acids, provided 
no oxygen or oxidizing agent is allowed access to the metal. I'or example 
cadmium is very high in potential, and from this consideration alone 
might be expected to be corroded rapidly by acids, but the negative 
value of the “ difference " indicates that it should dissolve in non-oxidizing 
acids only at the rate at which the displaced hydrogen is removed by the 
electrolyte; this accounts for its slow corrosion when used as a reference 
electrode in the 30 per cent sulphuric acid of a lead storage battery. 

The protection of iron from rusting by immersion in a 5 per cent 
solution of sodium hydrate is predicted l)y the value —0.90 for the '' dif¬ 
ference iron is incapable of displacing hydrogen from this solution, 
hence does not dissolve, and no rust can form. The effect upon the cor¬ 
rosion of iron of electro-negative impurities such as particles of graphite, 
bits of scale left on the surface, or the cementite present in steels, is not 
simply a matter of the initial E.M.F. between the iron and the othei 
substance, but depends on the diffrence between the potential of iron 
and the discharge potential of hydrogen on these materials. 

There are doubtless many incorrect values in the table, as most of 
the data is old, so that conclusions drawn from it can be relied on only 
in a broad and general sense. 

The effect of amalgamation in preventing the dissolving of zinc by 
acids is due to the fact that the discharge potential of hydrogen on mer- 
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cury exceeds the potential of zinc; the remarkable diminution in the rate 
of attack of iron by sulphuric or hydrochloric acid, caused by the addi¬ 
tion of a solution of arsenic, is due to a similar action—arsenic is precipi¬ 
tated on the surface of the iron and serves as cathode in the voltaic cell 
of which iron is anode; but the discdiarge potential of hydrogen on arsenic 
exceeds the potential of iron, hence iron is unable to displace hydrogen 
from the electrolyte except as an infinitcsinial layer, and corrosion 
ceases. 

BBO. Rust a Stimulator of Corrosion.—In 18^49, 11. Mallet * said, 
“ As eveiy metal is positive to its own oxides, the adherent coat of rust 
upon iron, while it remains, powerfully promotes the corrosion of the 
metal beneath.” Experiments on atmospheric corrosion oi wrought 
iron, open hearth and Bessemer steels by Aston and Burgess f showed 
rust to have an accelerating effect in every case. In a later paper Aston J 
Eiscribes the accelerating effect of rust on the corrosion of irun to its acting 
as a screen to prevent free access of air to the metal beneath it. ” The 
underlying feature appears to be the relative access of oxygen to the 
surface of the electrodes. The electrolyte must icach both; then that 
to w^hich oxygen has the more free access becornes the cathode, and the 
other is the anode. If two bare iron electrodes are st*parated by a parti¬ 
tion of porous earthenware, parchment, etc., either may be made the cath¬ 
ode by bubbling air into this compartment, and not into the other. . . . 
Wet rust or a similar coating upon one electrode plays the role of a dia¬ 
phragm permeable to the moisture, but preventing or slowing down the 
oxygen penetration.” This theory of the function of rust seems adequate 
to account for the observed tendency for the corrosion of iioii and steel 
to take the form of pits when it corrr)des under such conditions that the 
first-formed rust is not continually removed. Pitting does not occur in 
the corrosion of iron or steel by acids or as anode in the refining of iron 
electrolytically, but the corrosion of these materials almost invariably 
takes this form when they arc buried in the ground or immersed in s' 
stagnant, neutral electrolyte, so that the patrhes of rust first formed can 
adhere. Whether steel corrodes uniformly or in pits, is then detennined, 
not by the nature of the steel, but by its surroundings. Cuven uniform 
surroundings corrosion wdll be uniform; with freer access of the depolariz¬ 
ing air to some spots than to others pitting results. 

B61. Concentration Cells and Thermal E.M.F. May Cause Corrosion.— 
It has long been known that an E.M.F. exists between tw'o pieces of the 
same metal immersed in an electrolyte that differs in concentration at 
the electrodes; this constitutes a “ concentration cell,” and although 


* Report of Brit. Assoc, for Adv. of Sci., 1849, p. 111. 
t Trans. Amer. Elecirochem. i5oc., 1912, 22, 2113. 
i Trans. Amer. Elecirochem. Soc., 1916, 29, 449. 
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the E.M.F. is small, its continued action in good-conducting electrolytes 
is often responsible for serious corrosion. 

Burgess and Engle * have shown that an E.M.F. is produced between 
two pieces of iron in an electrolyte when one of them is heated to a higher 
temperature than the other, and have suggested that this may explain 
many cases of corrosion ol the tubes of locomotive boilers. Several years 
ago a severe case of corrosion occurred in the steel water-jacket of a cop¬ 
per blast-furnace at Douglas, Ariz.,t the inner plates of which were deeply 
corroded, while the outer plates and stilTcners were unattacked. The 
absence of acidity in the water, and the entire freedom from corrosion 
of boilers using the same water w-ere puzzling features of the case. The 
corrosion can be fully accounted for by the existence of an E.M.F. between 
the highly heated inner shell as anode and the cooler outer part as cathode, 
the water, which was found to contain much sodium and potassium as 
sulphate, chloride, and carbonate, furnishing the electrolyte. On account 
of its alkalinity the water could not attack irtm except tlie metal was anode, 
and hence did not corrode the boilers, where the E.M.F. was lacking, 
or at least ^vas very much smaller due to more uniform heating. 

B52, Effect of Stress and Strain on Corrosion.—Several investigators 
have studied the effects of stress and strain on the potential and corrodi¬ 
bility of iron ami steel, J as a result of which it may be concluded that the 
cold-working of steel or iron raises its potential and increases the rate 
at which it is corroded by acids. Fig. 1 shows results obtained by Thickens 
in corroding, in N 4 hydrochloric acid, cylinders of iron and steel that 
had been strained by torsion or in tension, A and B being mild steel, C, 
electrolytic iron, and D a cylinder of mild steel that w^as stretched until 
necking tlown octurreil, when it was machined to a true cylinder and 
suspended in the acid. Fig. 2 show\s the effect of corrosion by acid on a 
punched plate of half-inch steel; not only was tliere severe corjosion of 
the strained metal at the hole, but curious lines of strain are seen to extend 
to a distance of an iiicli from the hole. 

With regard to stresses whitli do not produce permanent distortion 
of the metal, i.e., which are within the elastic limit, the results of different 
experimenters are so conflicting that this question must be regarded as 
still undecided. 

8B3. Puzzling Corrosion of Turbine-driven Propellers. §—With the 

* Trans. A\m€r. Elvvtrovhvm. 1008, 13, 37. 

t Trans. Amcr. Inst. Min. Eng., 190S, 38, 877. 

t Darns, Bull. U. S. Ccol. Surri’yj No. 94, 48-73; Andrews, Proc. Inst. Nav. Eng., 
1894, 118, HfjC); HanibuL'cheii, Bull. Unir. No. 42; Diiliards and Behr, Pub. 

Carnegie Inst., 11K)6; Walker and Dill, Trans. AmtT. Elcctrochrm. Sac., 11, 153; Tliiekens 
Thesis, Vniv. iris., 1908; Trans. Amer. Electrochem Soc., 1908, 13, 7. 

§ The Enginver, 1908, 105, 535, 539; 1909, 107, 397; 1910, 110, 252. Engineering. 
1912, 93, 33, GS7, 884; 1913, 9G, G90, 72G, 761; 1914, 97, 535. 
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serious llirit a propeller was oflt'n ruined during; the trials, and befr»re the 
vessel was put into service. J.ater it was friund that this form of rairrosion 
was also takiiif*; place, l)ut much more slowly, on the .MLusiUnvia 
and a few other 'Miners.'’ Jn the inlen^stinf!; and lengthy discussion 
which followed the cause was assipHul tu faulty mateiial, seKre^alion of 
impurities, oxidation of the metal by air drawn from the water by “ cavita¬ 
tion,” erosion by the water due to the lii^li sptrd of turbine en|;ines, and 
to electrolytic action l)etwi*en strained and unstraiiud metal. A study 
of the examples shf)\Aii in tlie several artich's leads to the conclusion that 
the true cause is that last irentioned, and that coi rosion may be prevented 
by (ri) lesseniiiK the pt)wer transmitted by a single wheel, (h) the sub¬ 
stitution of a stronp^er material for that used, (c) increasing the thickness 
of the wheel. 

Ill many cases bending of the blades was found to have occurred at 
the places corroded. Corrosion was the result of a rise in potential of 
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the metal caused by cold-working, and illustrates the serious damage 
that may be caused by an exceedingly small E.M.F., provided a good 
electrolyte is continually present. It is still an open question whether 
or not a portion of the observed corrosion is due to that bending of the 
blades within the elastic limit, which must occur while the vessel is 
running, but which does not result in permanent distortion of the 
propeller. 

These examples of corrosion induced by strains indicate the desirability 
of annealing all metals and alloys which are likely to be subjected to 
corrosive influences. 

654. Effect of Various Elements on the Corrodibility of Iron and 
Steel.—From the nature of the conslitution of alloys it is evidently impos¬ 
sible from a mere knowledge of tl\e resistance to corrosion of the alloying 
elements to predict correctly regarding rjorrosion of allo 3 ^s, either by acids 
nr on exposure to the atmosphere. Corrosion will be affected, not only 
by the chemical ai^tivit^^ or resistance of the element added, but by the 
state in which this exists in the alloy. Whether the alloying element 
unites with the original metal forming a compound, forms a solid solution 
with it, or sei)Mrates in the elemental state, are quite as important factors 
in determining corrosion as is the chemical nature of the alloying element 
itself. The quantity of the alloying element added will also influence 
profoundly the corrodibility of the allo^^; if the added element forms 
with the original metal a compound which is strongly resistant to corro¬ 
sion, and on which the discliarge potential of hydrogen is less than on the 
original metal, its additirui in small amounts wdll accelerate corrosion 
by forming active local couples; but as the amount added is continually 
increased a point is finally reached at which the alloy consists cntirel^^ of 
the coMijx)und, when tlie resistance of the alloy to corrosion will be far 
greater than tiiat of the original metal. 

When the constitution of allo 3 \s is thoroughly knowm and their cor¬ 
rosion has been more fully studied, it will probably be possible to predict 
correctly the corrodilulity of many alloys Ijefore making them; but at 
present experiment is the only safe guide regarding the corrosion of most 
new alloys. 

Heat treatment is an inqiortant factor in the corrodibility of alloys, 
for besides removing differences of potential due to strain, it often produces 
changes in the constituents of the aUoy. 

The effect on corrosion of adding other elements to iron has been 
extensivel}" studied, but lack of space permits mention of the effects 
of only a few of the more common ingredients of steel. 

—Corrosion of annealed steel in water and dilute sulphuric 
acid rises with the carbon content to a maximum at the eutectoid point 
(.89 per cent C). Qucnclied and tempered steels show a continuous 
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rise in corrosion with increase of carbon up tn 0.96 per cent.* The tem¬ 
perature to which a quenched steel is reheated has a marked effect on its 
corrosion in 1 per cent sulphuric acid,t a steel 0.95 per cent 

carbon showing a sharp rise in solubility when reheated to 400*^ C., amount¬ 
ing to six times the rate of attack on untempered steel. 

Copper. —The remarkable lessening of the corrosion of iron by the 
atmosphere, water, sea water, and acids, caused by the addition of very 
small amounts of copper, has been the subject of many investigations. J 
Although resistance to corrosion increases with the copjier content up to 
2 to 3 per cent of copper, for resisting atmosplieric corrosion there appears 
to be no advantage in exceeding 0.25 per cent of copper, and quantities 
as small as 0.05 per cent arc said to have a marked influeiM c on the rate 
of corrosion of iron. 

Manganese. —It is generally accepted that manganese in steel causes 
increased corrosion. Hadfield and ITicnd § found 0.7 per cent of man¬ 
ganese to cause a great increase in the rate of corrosion of carbon steels 
in tap water and in artificial sea water, but above 2 ])er cent of manganese 
corrosion is much decreased. In 0.1 and 0.5 per cent sulphuric acid 
corrosion increases with the manganese content up to 12 per cent man¬ 
ganese, the highest manganese used. 

Oxygen. —From theoretical considerations comlnned oxygen would be 
expected to accelerate the corrosion of iron, and Law || corroborates this 
by observations on rusting and corrosion in tlilute acid. 

Silicon. —Silicon-iron alloys containing about 15 per cent of the for¬ 
mer element are now extensively used under various trade names for 
the construction of chemical apparatus, althougli their hardness and 
brittleness are a serious drawd)ack to their usefulness. XJp to 20 per 
cent of silicon, iron silicide (Fe 2 Sij forms a solid solution with iron, 
which fact, in connection with the small weight of silicon needed to 
produce a large quantity of the highly resistant iron silicide, accounts 
for the great resistance to acids secured by the addition of only a 
moderate amount of silicon, in comparison with additions of other 
elements for protection. 

Sulphur. —Sulphur is universally regarded as a stimulator of cor¬ 
rosion.’’ If 

* Chapelle, Jour. Iron and SUd Inst., 1912 (1), 270. 

t Hadfield and Friend, Jour. Iron and Sled In.d., 1916 (1), 48. 

JF. H. Williain.'s, Proc. Eng. Snc. Wf.d Perm., 19(K), 16, 2;i; Stead and Wigham, 
Jour. Iron and Steel Inst., 1901 (2), 122; P. Breuil, Jour. Iron and SU'.d Inst., 1907 (2), 1; 
Burgess and Aston, Trans. Amer. Electrochem. Soc., 1912, 22, 244; D. M. Buok, Jour 
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865. Protection of Iron from Rusting.—It is evident from the elec¬ 
trolytic nature of corrosion that the rusting of iron may be prevented by 
keeping it from contact with electrolytes, by rendering the iron “ passive,” 
or by making it cathode, the last being accomplished l)y contact with a 
more positive metal such as zinc, or by the application of an external 
E.M.F. 

The first method is carried out by painting, enameling, covering 
with another metal, or forming on the surface of the iron by chemical 
action a coat of oxide or other compound, li'or success by this method 
it is necessary that the coating be impervious to moisture, and remain 
unbroken. These arc difficult conditions to fulfill, particularly when 
the object is exjKJsed out of doors and subjected to w^ear. Paints soon 
lose their insulating power, and arc readily scratched, enamels become 
chipped, electro-plate usually contains thin spots which soon wear through, 
and the compounds formed in the Bower-Barff and other similar processes 
must be kept so tliin in (jrder to prevent chipping and peeling, that their 
serviceability is less than if (hey could-be given a considerable tliickness. 
The subject of rust-resisting paints is receiving much attention from the 
technical societies interested, and marked improvements are to be expected. 
At first weight it might seem that coating iron with a less corrodible metal, 
either by dipping it in the melted metal or by electro-plating, should be a 
perfect remedy for rusting; but experience has shown tliat of all the 
metals so applied to iron, only zinc or cadmium affords satisfactory pro¬ 
tection, and when exposed to a good electrolyte like sea water even zinc 
fails to protet't for more than a year or two. In coating by dipping, the 
thickness of the coating is limited, and only metals and alloys of low 
melting-point can be used. Calvanized iron, tin plate, anrl terne plate, 
the latter coiisisLing of iron coated with an alloy of lead and tin, are made 
in enormous ciuaiitilies by this method, but the durability' of the last two 
is hainpcreil by the corrosion induced by “ local action ” between the 
coating and the iron whenever tlie latter becoines exposed, In protecting 
iron l)y electro-plating tlicre is a much wider choice of materials tlian in 
the dipping process, and theoretically the coating may l)e made of any 
thickness desired, lait in practice its thickness is restricted by the increas¬ 
ing roughnevss of thick deposits ami their liability to peel. For these 
reasons, coupled witli the cost of producing heavy deix)sits, commercial 
electro-plate is usually thinner tlian the licaviest coatings made by 
dipping. 

866. Utilization of Passivity to Prevent Rusting.—Kier in 1790 observed 
that iron, after treatment with fuming nitrie acid, had lost its power of 
precipitating silver from a solution of silver nitrate, in other words, that 
the iron had been rendered iinmune to corrosion by silver nitrate. Chro¬ 
mic acid and several other oxidizing agents have since been found to 
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exercise a similar effect in preventing: iron from reactiiip; as usiml toward 
man}'^ rea^zients. Attonipts liave been made to prevent riisling b}' reii- 
dering iron passive, but, unfortunately, passivity soon ceases after removal 
of the iron from the v>‘issi\ ifyiiig solution, ami the presence of certain 
salts may entirely picnent ])assi\ity: for tliese reasons the utilization 
of passivity for pieventing tlie rusting of iron is as yet very limited. 
Although small amounts of alkalies accelerate the corrosion of iron, a 
strong solution entirely prevents rusting, and this passivity of iron in 
alkaline solutions has been very suec'essfuJly apjilied to tin* prevention 
of corrosion in iK'ilers.* Certain jiigments used in paint, e.g. the chro¬ 
mates, are often classed as “ inliilators ” from their sup[X)sed effect in 
preventing rusting ly renileiing iron passive. 

857. Protection by Contact with Zinc.—Tlie piotei*tioii of metals 
from corrosion ly jilaciiig a piece of ziiv* in cent act with them seems 
to have been discovered by 11. Davy j in 1S21, anil was Jirs! applieil by 
him to prevent the eorrosioii of tlie eoppei slieathing of wooden ships. 
Since that time protectioM by l oiitact with zinc has been applied to boilers 
and marine condensers, and plates of zinc are usually allaclied to the hull 
of steel vessels in the vicinity of bronze projiellers, sea i ocks, etc., whi(‘h 
otherwise would induce s(‘rious corrosion of the steivl in immediate contaet 
with them. 

Tlic principle involvcal is tliat corrosion of a metal is Ic'ssened by the 
passage of current to it as a cathode, but there an^ two diflieulties to be 
overcome in applying this metliod; first, a good eU'clrical connection 
must be maintained l)('(w('eii the two metals; and st‘cond, in some elec- 
trolyU'S a eoating forms on a zinc anode wiiich may lower its potential to 
such an extent that the protective action is entirely nullified. I'or the 
protection of copper and brass in sea wat(‘r iron ai)|)cars to b(^ a better 
contact metal than zinc, in sjiite of the higher initial |)oteiitial of the 
latter. 

868. Prevention of Corrosion by Current from a Dynamo.—In the 
generation of current for jilating the eorrosioii of zinc in primary cells 
long ago gave way f-o the dynamo, and in the ])r('vention of eorrosion in 
large boiler installations ly cathodic action, voltaic action has recently 
been abandoned in favor of the dynamo. Where\'er corrosion is severe 
such protection results in a very considerable saving in the cost of repairs, 
less interruptions in service, and a higher efficiency of boilers from pre¬ 
vention of tlie formation of scale. The method si'cms destined to a wide 
usefulness. 

859. Corrosion of Non-ferrous Metals.—The observed behavior of 
the non-ferrous metals in regard to corrosion is in fairly good agreement 

* F. byon, JnuT. Anirr. Soc. Nav. Eng., 1912, 24, 845- 

t Phil. Trajia. Royal Soc., 114, 151. 
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with the principles set forth on page 793, modified by the formation of 
insoluble coatings upon them. The highly positive metals, aluminum 
and zinc, owe their durability entirely to the formation of an insoluble 
compound on their surfaces, and although durable in air, dissolve in all 
electrolytes which remove the protective coatings. Because of the high 
potentials of these metals, purity and freedom from “ local couples ’’ 
are especially important. Aluminum is corroded rapidly by the halogen 
acids, seriously by their salts, and vigorously by alkalies. Lead, tin, 
copper, brass, bronze, Munz metal. Monel, and silicon-iron alloys are 
the materials most deptuided on to withstand severe corrosive conditions 
when platinum cannot be used on account of cost, as in sea water, for 
conveying corrosive liquids, etc. Exclusion of oxygen, annealing to 
remove strains, and freedom from contact with more negative electrical 
conductors are highly important in minimizing corrosion. In neutral 
electrolytes brass is subject tr) the peculiar form of corrosion known as 
dezincification,” in which the zinc dissolves, leaving a skeleton of porous 
copper that is utterly lacking in mechanical strength. 

B60. Corrosion by Stray Currents.—In addition to the chemical or 
natural corrosion to which metals buried in the earth are subject, any 
continuous length of metal, such as a water or gas main, or the lead slieath 
of telephone cables, may suffer from electrolytic (jorrosion. This may be 
BO serious as to destroy in a single year a cast-iron water main tliat should 
normally have a life of 50 to 100 years, while the thinner service pipes 
may last only a few months in especially bad situations. This damage 
results from the piactiee of using the rails for returning to the power 
station the electric current used for operating street railways. A greater 
or less proportion of the total current flows from the rails tlirough the 
soil to the pipes, follows the latter to the vicinity of the power station, 
where it returns to the rails once more in order to reach the negative ter¬ 
minal of the dynamo. 

Whenever direct current ” leaves a metallic anode to enter an elec¬ 
trolyte the metal is liable to be corroded, the extent of such corrosion 
depending on the same principles which control the corrosion of anodes 
in the electro-plating and refining of metals. The most important factors 
in the corrosion of anodes are: the chemical nature of the particular 
metal or alloy which serves as anode, the amount of current flowing, the 
time, the nature, amount, and conceiitration of salts in the soil, tlie tem¬ 
perature, current density, and rate of circulation of the electrolyte. With 
alternating current corrosion is usually negligible in comparison with that 
produced by direct current. Faraday^s and Ohm’s law^s are of fundamental 
importance in electrolytic corrosion. According to the former the amoimt 
of corrosion should be proportional to the current which leaves the 
anode, to the time, and to the chemical equivalent of the metal; the 
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amount of current beinp determined by Ohm’s law, that the current 
equals the electromotive force divided by the res-istance. 

Current which enters the system of pipes at different points through¬ 
out a city will leave the pipes in the \iciiiit 3 ^ of the power station. Two 
electrolytic cells are thus formed b^^ the rails^ ewth, and pipes; one where 
current enters the piiies, in which the rails are anodes, and the other near 
the station, in wdiich the pijx'.s act as anodes, and are corroded. Although 
nothing is made public concerning corrosion of the rails, it is e\ddent 
that this must occur to al)Gut the same extent as corrosion of the pipes, 
but will be distributed over a much larger area of the city. Soil conducts 
electricity only as an electrolyte, and by virtue of solutions contained in it, 
90 that the resistivity'' of different soils varies greatly, as doe^^ that of the 
same soil under different conditions of moisture, d'emix^rature is an 
important factor in the resistance of electrohdes, and when tlic ground is 
frozen to the depth of a few feet corrosion of the pipes hy stray currents 
is at a standstill. 

861, The Danger District.—This is the portion of the pipe 3.ystem 
from which current flows into tlie earth on its way to the rails, and it may 
be located by taking nieasurenients with a voltmeter between the roils 
and hydrants. Whcreviu' the pipes are positive to the rails the former 
are in danger of corrosion; but a liigh voltmeter reading at one place 
does not always riHan a greater flow of current than a smaller reading 
elsewhere, for tJie volttrieter reads only^ the TR drop produced by flow of 
current in tlie eartli, and there is the ])ossil)ilily that in a soil of high 
resistivity a small current may produce a greater fall of potential tlian 
is caused by a larger current which flow’s in a better-conducting soil. 

B62. Extent of Corrosion.—The amount of current flowing in a single 
pipe has been found to vary from a few amperes to several hundred, and 
in the case of bontled pipes in some of Mie largest cities, to several 
thoiisajul amperes. Faraday’s law’ predicts the dissolving of 15 pounds 
of iron by’ one ampere flowing from the metal 18 hours a day for a year, 
which leads one to w’onder, not that damage to the extent of hundreds of 
thousands of dollars is caused annually by stray currents, but that any 
pipes remain undestroyed- The discrepancy betw’cen the amount of 
current known to be carried by pipes, and the relatively slow rate of their 
destru(*tion, has given rise to much controversy and misunderstanding. 
The dissolving of 15 pounds of iron per amperc-y’ear is for a current effi¬ 
ciency of 100 per cent, and requires that the entire current be spent in 
dissolving iron, and none of it cmploy’ed in liberation of oxygen at the 
anode. Experience with plating and refining solutions has shown that 
the current efficiency of anode corrosion is greatly affected by the current 
density (number of amperes per sq. foot of anode surface), by the con¬ 
centration of the electrolyte, and its rate of circulation,—low current 
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density, high concentration, and rapid circulation tending toward a high 
efficiency, and vice versa. While the exact current density and the con¬ 
centration of the electrolyte is unknovrn in the corrosion of underground 
pipes, the extreme dilution and stagnation of the average electrolyte in 
the soil of city streets should lead to a low efficiency of anode corrosion, 
except where the bad practice of applying salt to switches to thaw ice 
has been indulged in. 

863. Corrosion at Low Voltage.—The statement is often made that 
'•*he voltage between pipes and rails must exceed the E.M.F. of decomposi¬ 
tion of water (1.7 volts) before corrosion can occur. This is an error. 
It is only with insoluble electrodes, if both are of the same metal, that this 
voltage is necessary for the passage of current; with a soluble anode any 
voltage, however small, will cause some current to flow. No fixed value 
can be given for polarization (the counter E.M.F. caused by products of 
electrolysis) that will apply to stray-current corrosion in general; this 
varies from 0.01 to 2.0 volts, according to the current density, and the 
material, concentration, and freedom to circulate of the electrolyte,— 
factors which arc difficult to determine in electrolysis of pipes buried 
underground. 

864. Joint Electrolysis.—A peculiar form of corrosion sometimes 
occurs in water pipes, known as joint electrolysis. The average had 
joint in water mains has a very low resistamc, so that no appreciable 
current is driven from the pipe at the joint; but when a joint of high 
resistance is encountered a considerable p]*oportion of the current may 
pass from one section of pipe to the next by way of the soil instead of 
thrtRigli the packing of the joint, causing corrosion on the anode side 
of the joint. Siiu'C this process is repeated at every bad joint, the damage 
done by a delinite amount of current may be many times greater than in 
ordinary stray-current corrosion, h'ortunately high-rt'sistance joints aie 
i*ath(ir rare. 

866. Remedies.—Because of lack of space it is only possible to men¬ 
tion some of the more important remedies that have been used or proposed 
for prevention of stray-current corrosion: 

1 . Lowering the voltage drop on the track by: 

(a) Better bonds. 

(b) Use of copper cables in parallel with the rails. 

(c) Insulated negative feeders attaclied to the track at suitable 

points. 

(d) Negative boosters to draw off current at desired points on 

the track. 

2. Bonding of pipes near the station to the rails or to the negative 
terminal of the dynamo, so that current leaves the pipes by a metallic 
instead of an clectrolvtic conductor. 
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3. Insulation of the pipes from the earth. 

4. Insulation at pipe joints. 

5. Lse of the double trolley, i.e. carrying the return current on an 
msulated overhead wire. 

6. The use of alternating instead of direct current for the operation 
)f street cai’s. 
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PAINTS AND VARNISHES'' 

By 0. A. Hougen * 

866. Definitions.—In the broadest sense paints and varnishes include 
all materials which are applied to surfaces in a liquid or semi-liquid form 
and which di'y to an adherent coatinjz;. The (‘.hief distinction between a 
paint and a varnish is that in the former a portion of the components, 
called the pigment, is suspended in a liquid, called the vehicle, which upon 
drying produces an opaque film; whereas a varnish consists of a nearly 
homogeneous solution which upon drying forms a transparent or trans¬ 
lucent film, 

867. The Necessity of Painting.—The chief purpose of painting and 
varnishing is to protect a surface against decay, corrosion and abrasion. 
In addition painting serves the purpose of decor ating the surface by obscur¬ 
ing the original sur-face and presenting a fresh surface of the desired color; 
in varnishing the original surface is displayed to better advantage rather 
than oljscured. 

B6B. Requirements of Paints and Varnishes.—In order to fulfill these 
functions a paint or varnish film should possess the following properties; 
(1) It should i)e clieinically inert toward the atmospliere or surface of con¬ 
tact. (2) It should be impervious to air and water. (3) It should possess 
gooil wearing (piidities, that is, resist abrasion due to wear, handling or 
exposure to tlie wentlier. (4) It should possess sufficient elasticity to be 
unaffe(!ted hy the expansion and contraction of the underlying material. 

869. Paint Pigments.—A jiaint pigment consists of a finely ground 
solid material which is suspended in a vehicle such as linseed oil to render 
the paint film opaque and to impart the desired strength and appearance. 
This proi)erty of rendering a surface opaque is termed opacity. The hiding 
power of a paint is dependent both upon opacity and the thickness of the 
film. Pigments may lie dividcul into three classes, (I) body pigments, 
chose pigments which impart the proper strength, elasticity and wearing 
properties to the paint film, (2) color pigments, which are used primarily 
for tinting purposes and (3) extenders, which are added to re-enforce the 
paint film or to lessen the cost of the paint. 

• Professor of Chemical Engineering, The University of Wisconsin 
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Classijicuhon of Paint Pigments. —The white pipnients include basic 
carbonate white lead, basic sulphate white lead, zinc oxide, lithopone, 
leaded zinc, titania. The hrowii pigments include Prince’s metallic brown, 
burnt sienna, Vandyke brown, umbers and burnt ochre. The red pigments 
include red lead; the red ferric oxides, such as Indian red, Turkey red and 
Venetian red; the red color lakes such as permanent vermilion, helio fast 
red, and lithol red. The blue pigments include Prussian blue, ultramarine 
blue, cobalt blue. The yellow pigments include litliargc, ochre, chrome 
yellow, zinc clmoinato and barium chromate. The green ingments include 
chromium oxide, green aniline lakes, zinc green and vonlc antique. The 
black pigments include lampblack, carbt)n black, bone* l)lack, ^*hiircoal 
black, acetylene black and graphite. The pigmerHs are also 

black and include asphalt, coal tar pitch, wood tar pitch, gilsonite, graham- 
ite, nanjak and elatcrite. 

Basic carbonate white lead is one of the ohlest and most f‘xtenHivelv used 
pigments. Its composition corresponds to the fonmda Pb(OH)Li .2PbC():i. 
It is made by various prot-esses chief among which a: e the Old Dutch and 
Carter. In the Old Dutch process p(*j’furated lead l)U(*kl('s are piled 
alternately l)etween layers of tan bark in eartlumware pots and cova*rprl 
with acetic acid. The lead acetate first fonneil is convt'rtfai inlo tin* basic 
carbonate by the cai'l)OU dioxidi* d(^veloi)ed l)y the. fc'rmentation of the f an 
bark. In the Cklrter process tlu* lead is first finely Mto]niz(*d, then acted 
upon successively by acetic acid and carbon dioxide. The carbon dioxide 
is obtained from the purification of comlnistion gases. / s 

Basic carbonate white lead is the only |)igment which is used r^densively 
without combination with other body pigments or (‘xt (*nders. It possesses 
excellent durability and greater o])acity than any other wliite pigmeiit 
except lithopone and titania. Upon wearing, the pigment Hakes off evenly 
thereby presenting a roughened surface which lends itself readily to repainU 
ing. As a priming coat on wood it takes first rank. It does not stand up 
well in damp atmospheres such as along sea coasts and is darkened by 
sulphur containing gases ilue to the formation of black lead sulphide. 
The paint film is soft so that it readily l)(*comes dirty and is not easily 
cleaned. To overcome these disaflvantag(*s basic carbonate white lead is 
mixed with other pigments such as zinc oxide anrl basic sulphate white 
lead and with extenders sucli as barytes, silica and asViestine. Admixture 
with other pigments and extenders tends to minimize the discoloration by 
hydrogen sulphide, produces a harder surface whicii is easier to keep clean, 
lessens the tendency tn " chalk,” and increases the life of the paint film. 
Basic carbonate white lead should not be psed where sulphur-containing 
gases are prevalent such as around barns and out-houses. 

Basic lead sulphate is made by subliming a mixture of lead sulphide ore 
with coal in the presence of air. The lead sulphide is converted into the 
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basic lead sulphate which is filtered off in bags. This pigment should not 
be confused with the commercial lead sulphate which is a harmful paint 
pigment. Basic lead sulphate is rarely used alone but usually in com¬ 
bination with white basic carbonate white lead and zinc oxide. The 
pigment usually contains zinc oxide, which comes from the original 
ore. This pigment possesses excellent covering properties, is uniforir 
in size and quality, withstands the action of hydrogen sulphide Ijettei 
than the basic carbonate and produces a hard impervious film, un¬ 
attacked by salt water. For this latter reason it is used as an ingredient 
in marine paints. 

Zinc oxide is made by two processes, the Frentdi and the American. In 
the former process metallic zinc is l)iirned in a current of air and the 
sublimed zinc oxide is filtered off in Ijags. In tlie American prot^ess the 
zinc oxide is sublimed directly from a mixture of zinc ore with coke in an 
enclosed furnace. One of the original incentives in the development of 
this pigment is its non-poisonous nature compared to lead pigments. It 
is claimed that the French-process zinc oxide is whitta* and of higher purity. 
Zinc oxifle with linsetMl oil dries to form a hard, impervious film, which may 
be readily cleaned. For tins reason zinc oxide is the chief pigment ustal in 
enamels. Zinc oxifle reacts with hydrogen sulphide, but the eifcict is not 
visible. 

When iis(‘d aloiif* a zinc oxide film has a tendency to peel off in patches 
and does not limd itself to repainting; in addition the hiding power of pure 
zint; oxide paints is low. To offset these disadvantages, zinc oxidf^ is alwiiys 
mixed with other pigments and exteiiflers. Admixture with basic carbon¬ 
ate white lead prevents tlu' film from peeling and produces a l)etter surface 
for rei)ainti]ig. In i)ermanency of color and in duraV)ility zinc oxide ])aints 
take front rank. lOven wlnm aLhnixed with extenileis and otht'r pigimnits 
zinc oxide paint films retain their glossy surface and still rejoel ilirt and 
water. 

Lithopone consists of barium sulphate chemically coml)ined with zinc 
sulphides. It is i)roduced by the interaction of l)arium sulphide with zinc 
sulphate. The preci]iitate is heated to 5()(F C. then idunged into/(‘old 
water, after which it is ground, washed and dried. This pigment has the 
greatest opacity of any of the common whit e pigments and hence is used 
where great spreading power is required, smdi as in painting interior walls 
which are not subject to great wear and weather exposure. Ijitho]Mme is 
discolored by sunlight and hence its use is limited to interior painting. 
The action of sunlight is to reduce zinc sulphide to metallic zinc. The 
white color is restored in the dark. The darkening of lithopone can V)e 
partially prevented by coating with zinc oxide; this, however, prevents the 
use of lithopone with rosin varnishes, a distinct advantage of this particular 
pigment. Lithopone is a chief constituent in interior flat wall paints. 
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floor paints and in cheap enamels. For outside work its use is limited to 
the priming cojit only. 

Leaded zinc pigments consist oi mixtures of zinc oxide and V)Msic lead 
sulphate pi-odueed in the same manner as Amerii\in zinc oxide with addi¬ 
tion of varying aniounts of lead ores to tlie zinc ores. 

Red lead is produced by first oxidizing lead to litharge and sul)set|uently 
to red lead, lied lead reacts very readily with linseed oil forming 

a lead soap which causes the oil to rapidly “ liver.’' It is claimed that 
this is due to the presence of litharge, PbO. A red lead of this tyi)e should 
not be sold in paste form, but the dry pigment should be rrt'slily mixed 
wdth linseed oil just before using. This is considered a distiiu't rlisadvau- 
tage of red lead because hand made pastes are iniich inferior to tl'.ose grounil 
in the factory. To overcome this disa(lvant.agi‘ tlierc has l)«‘oii ih'veloped 
a type of nnl leail consisting of DS ptT cent Pb;jCb wJuidi does not lianlen 
in the can w'hen mixeil with linseed f)il as a paste. ' 

Red lead is a body ])ignient used cliielly as a i)rimii^g coat on si ructural 
vSteel and metal weak. Imr this purpose it is one of the best |)igments 
known. It produc(‘s an extremely haial and tougli film, not easily penf‘- 
tratetl l)y air and moisture and iidhi*res firmly to tlu* metal. It is (‘xti'cmely 
effective in ])rote(*ting steel from corrosion, ddie i)aint is, howi'vra-, very 
difficult to ai)ply })(‘cause of its extreme weight. To facilitate brusliiiig 
there is a tendency to rlilute tlu‘ paint with oil below the saf(‘ limit, the 
paint sliould cojiljiin at least 25 pounds of rerl leail per gallon of oil (dli 
])Ounds is preferal)le). To facilitate tlie api)licalh)n rvf nai leiul and to insurt* 
a more uniform (*oating, red lead is often mixed with a high ])ercentagf‘ of 
filler such as silica, and Ijimjddack. 'Jliis rlilutiou also lessims tin* t,endeni*v 
of the j)aint to sag wdien apjilifal to viatical surfacf‘s. Red lead is also 
used as a priming coat on moving ])arts sinc,e it j’C'sists vil)ration lietter 
than other pigments. The use of red lead is restrictial to tin* first coai 
because it is whitened l)y action wu'th carbon Llioxidi* of the atmosphere. 

Toch * claims that/rrrvc oxide pigments are eijual t o T*ed haul in the })ro- 
tection of steel. The ft^riic oxide pigiinmts, l)Oth natural and artificial are 
pcaananent in color, inert toward tlu^ atnios])here, and ext-renudy opaque. 
Tuscan red is particularl\' n^sistant to teinpera.turf\s u)) to 1100'^’ V. and to 
f'xtreme exposure. It is used extcmsively for the painting of passimger 
cars, steam pipes, radiators, machinery and imphainMits. ]Si‘xt to lithf)- 
poiu' it is the finest pigment knowm. Venetian red eonsists of a. i*h(rmieally 
prepared mixture of ferric oxide and caleium .sulphate. Red clays, naturally 
colored with ferric oxide, are used only as cheap adulterants. 

Permanent vermilion, hidio fast red and Ulhol red are i)igment lakes, A 
lake is a dye wiiich is al)sorl>ed upon the surface of an inert liase such as 
barytes or clay. Lakes are used only for the purpose of coloring. The 
* Toch, Chemistry and Technology of Paints, p. 62, 2d edition. 
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red pigment lakes have practically replaced the expensive mercury vermil¬ 
ion pigment. 

Princess metallic hrowrij is a body pigment, which is used extensively 
for painting tin roofs, barns and freight cars where good protection is 
desired for wood or steel at low cost and where beauty is of no consideration. 
This jjigment is a native iron ore. It is liiglily opaque, fairly permanent 
in color and quite durable. 

The bituminous jngments serve well in dark places but when exposed to 
sunlight break up into carbon, producing an “ alligatoring ” effect and 
permit the i:)enetration of air and moisture. Bituminous materials, 
especially when mixed with linseed oil vehicle, have given excellent service 
in the protection of underground water pipes, and structural steel used in 
mine and tunnel construction. 

870. Extenders.—The paint extenders include the various forms of 
barium sulphate, sucli as blanc fixe, barytes, heavy spar; the crystalline 
forms of silica, su(‘h as chert, quartz, sand and flint; the amorphous 
varieties of silica, such as fullers^ earth, diatomaceous earth, etc.; the 
magnesium silicates, including asbestos and asbestine; clays; gypsum; 
artificial barium carl)onate and the various forms of calcium carbonate, 
such as chalk, and marble dust.. 

Chemically preparcMl bdriimi sulphate is the most extensively used 
filler, its charactcM'istic property being extreme idiemical inertness. It has 
practically no hiding pow^er and hence serves chiefly as a diluent and as a 
base for the precipitation of the color lakes. The artificial product is finer 
and stays in suspension better than natural barytes. The crystalline 
varieties of silica are added chiefly to give tooth to the paint, that is 
ability to fasten to the underlying surface. The amorphous varieties are 
added to prevent the heavier pigments from settling out. The magnesium 
silicates are used in fireproofing paints and also serve the purpose of 
maintaining the heavier pigments in suspension. ' Asbestine serves as an 
excellent re-enforcement for paint films. ClaiJs should never exceed 
15 per cent because they reduce the wearing qualities of the paint film. 
Kaolin clay is best because of its purity. 

871. Paint Vehicles.—The vehicles used in paints consist chiefly of a 
drying oil, often mixed with a thinner. Water serves as the vehicle in the 
so-called water paints. Drying oils consist of the glycerides of the un¬ 
saturated fatty acids. Upon drying they form a tough elastic solid film. 
This type of drying is caused by the absorption and chemical combination 
with oxygen of the air. In contrast wdth this type of drying is the familiar 
type caused by simple evaporation, as characterized by the drying of the 
vehicle thinners. 

Linseed oil is the standard oil vehicle used in paint manufacture. 
Linseed oil is extracted from flax seed by various processes such as cold 
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and hot pressing and solvent extraction. When the flax is grown for seed 
its stem is unserviceable as a textih*. fiber. The suspenileti impurities in 
linseed oil are known as “ foots.'’ These are removed by prolonged stand¬ 
ing or centrifuging. The desirable constants of raw linseed oil are: 

Sppdfic gravity ir)''-15°C.032° to .5)36° 

Fltish point (opoii l up).. 240“ to 2.50“ C. 

Fin: point. 290“ to 3(K)“ C. 

Drying on glas.s. 3 to 4 (lays 

A pill nunifier. 2 to 0 

Saponification nuiiilopr. ISO to 195 

lodirip nuinbiT. ininiinuiii ISO 

Rpfractivp IiuIpx . 1.4805 to 1.4790 

The dried film of linseed oil is known as linoxyn.” '^Fhis is the principal 
constituent by volumr' of all j)aint films and oil varnish films. In gloss 
paints linoxyii constitutes at least fit) y)er cent of the volume of the film, in 
flat paints tlie linoxyn may be l)elow 50 per ctmt. SUivA ml consists of a 
high grade linseed oil wliich has biMui Itleached and “ heavibodied by 
prolonged h(*atiiig at fi(X)'^ F. No drier is added. The drying of linseed oil 
is Mecelei’ated liy the process known as “ boiling.This consists simply 
of luaiting the raw linseed oil and adding with continued heating various 
driers consisting of lead and irianganes(‘ compounds. 

Soya bean ml has served as an excellent suV)stitute foi’ linseed oil wlien 
prepared from (aatain varieties of th(' Soya bt^an, l)ut tlie jjroduct: is un¬ 
reliable and tends to dry slowly. 

China wood oil, also known as dding oil, is particularly si^vict'able for 
waterpioofing, for whitli purpose it i.s ext(‘iisively us(‘d in varnishes. It 
dries to an opatpie \vax-like film in contrast to the iranspareiicy of liiisetd 
oil. Rosin can often be used to advantage with China wood oil. 

Fish oil particularly from the Menhaden, has bec'ii found suitable when 
used in conjunctiori with linsfKul oil. The partieular oV)je(dions to this oil 
are slowness of drying and objectionable odor. This oil gives satisfactory 
service in smoke stack paints and in zin(^ oxide paints in damp climates. 

Other oils, such as corn oil and pine oil are of minor importance. Perilla 
oil has high drying properties but tends to form drops upon drying. 

872. Thiimers are a portion of the paint vehiele which are added lio 
increase the spreading power of the paint, to facilitate application and to 
hasten drying. The thinner evaporates almost completely subsetjuent to 
its application and hence does not enter into the composition of the final 
paint film. Thinncrs also serve to increase the penetration of paint into 
wood and hence are always used in priming coats. 

Turpentine is the standard paint thinner. It is a mixture of the various 
terpenes, obtained from the steam distillation of the resinous exudations 
of the pine tree, leaving rosin as a by-product. Turpentine is particularly 
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valuable beeause of high solvent power, excellent flattening properties and 
ideal rate of evaporation. 

Turpentine substiiutefi include other solvents such as benzol, petrolenim 
spirits, and solvent naphtha. 

873. Driers.—A Drier constitutes that portion of the paint vehicle 
which is added for the purpose of hastening the drying of the oil. Driers 
usually consist of the l esinates of l(;ad and manganese. Crusher’s drier is 
prepared by heating the oxirles of lead and manganese in linseed oil to form 
a concentrated solution. This concentrated solution is later im-orporated 
into raw linseed oil in the ratio of 1 part to 1(3 parts of raw linseed oil 
by prolonged heating. The final product is known as boiled ” linseed 
oil. 

Soliil driers, consisting of lead and maiiganese compounds, may be added 
directly to raw linscfMl oil without heating, but the inodiict known as 
“ l)ung hole boiletl rnl ” is unsatisfactory. 

Lead llthI manganese resinate driers obtained from rixsin are said to be 
satisfactory inovided no excess rosin exists. The so-called Japan driers 
diffiu’ from the oil diiers in l)eing dissolver! in turpentine rathra- than linseed 
oil. 

874. Paints for Various Purposes.—The (5omi)r)sition of a paint best 
suited for a particulai* service has l)een determined afttT years of practical 
applications on various types of constnudion and by means of the famous 
fence exi)Osure tests wluar'in panels of wood and steel coated with paints 
ve|)iesr'nting a widt' variety of compositions urv. (‘xposed to the wtaither 
during many yraii-s of service. Such fence tests have Ixmui conducted l)y 
various paint manufacturers, educational institutions ami tlu‘ Annaican 
Socitdy of Ti^sting Materials undca- widely varying climatir* conditions. 
The residts of such experiments have luiabled manufacturers to r(‘commcnd 
and iiroiluce the most suitable composition for a particailar service. 

Paints for Wo(hL —A mixed pigment paint is better than a single pig¬ 
ment paint for the protection of wood. In general this can be said of 
yraints for all jniiposes. Good results are obtained with white lead corn- 
IviniMl with zinc oxide and a moderate amount of filler such as Viarytes, 
silica or asl)estim\ Tintetl paints have proven most satisfactory from the 
^tandjioint of durability and maintenance of color. The durability of a 
paint de])ends largely upon the priming (*oat. This first coat should eon- 
tain as high as (30 per cent vehit'le, including a eonsideralde proportion of 
thinner tn increase tlie penetration of the yiaint into the wood, dissolve 
any resin in the wood and jiroduce a better anchor for tlie succeeding coat. 
Paints containing oxide of iron, such as Prince’s metallic brown, give excel¬ 
lent durability Init are often objectionabh' because of color. 

Barn paints are usually made from the poorer grades of iron oxide 
pigments, mixeil with oils dissolved in turpentine substitutes. This does 
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not signify that iron oxide pigments are inferior; in faei some of the most 
durable paints are made from Indian red and Pii*i(‘e\s metallie Inown. 
Ferric oxide itself is a very inert pigment; liowever, (lu‘ natifial iiroduets 
are far from uniform anti often oeeiir admixed with a high ])i*opoitioii of 
clay. 

Ena?nd paints are used to give a higli gloss surface. Ihiamels coiisist of 
a zinc oxide ])igment ground in a varnish or heavy bodied linsei'd oil. 
Lithopone is usually ustul in conjunction with zinc oxidi'. As a i)riming 
coat a lithopone paint containing a liigh i)eii‘entage of thinni'r is used. 
An egg shell finish may be olitained b>^ polisliing the surface with ]nimice. 
Dammar gum varnishes servt^ as excellent vehicles. 

Flat Wall Paint. —"flie painting of interior walls is the imv^t suitable 
finish from the standpoint of health and cleanliieess. The gliu‘ accomiiany- 
ing the use of ealciminr and wall t)a|)er permits bacUa ial growth, whereas 
oil paints destroy such organisms. The usual flat wall i)ainls contaiii zinc 
oxide with an imat tiller gjound in a varnisli thiiuifal willi turpentine. 
Lithopone is used because^ of its good hiding power, permittiri!; two coats 
to suffice. 

The chief objection to tlie use of calcimine is that it caimnl Ix' waslual 
and is not as dural)le as an oil paint. WhUr wfish is thi‘ cluaipcvst. ])aini 
possible for interiors; its use is, however, restricted to I’ough int (a-iors such 
as barns. 

Paints for ccnicnl and connrte are necessary to pri'AMud the ilusling 
off of cement due to abrasion and also to protiat tlu‘ coiuaade from oil. 
Animal or vi‘getabh‘ oils have a tendency Ut make cement soft and crumbly. 
Linsf'ed oil i)aints can not lie used .sma‘essfully on cejiif'nt Ix'cause of the 
destruction of tlu‘ film Ijy tlie fret* lime ijreseni in Die cf’iuent. An oil 
contaimng a free rt'sin acid to react with the lime has Immoi found desiral»l(‘. 
Dhina wood oil containing a liard resin such as copal is fnM|ucutly used. 
Tliis eombinatioii givc's exeelleni dural)ilily and water-proofing ])ro])erties. 
In ord(*r to use regular linseeil oil paints it is n[‘fa*ssary to prf*viou.sly 
treat the cement surface with zinc sulpliate to neutralize- thr* free lime 
present. 

Paints for Structural Steel .—Chirrosion of iron and sttail is due t.o 
edectrolysis caustMl by tlie prescnct* of air and moisture. Acetjrdiiig to the. 
report of Committee D-1 of the American Society of Tfvsiing Alattadals * 
paint pigments are classifietl intcj three classr's accorrling to thi*ir (*fTei't on 
the eorrosit)!! of steel; those that inhibit the aetion of (*leetrulysis i)resiim- 
ably by reijflf*ring the metal passive, those that accelerate corrosion and 
those that are neutral. 

* Reports of the Coinmittee on Preservative Coatings for Structural MaUjriala, 
1903-1913, Am, Soc. of Testing Materials. 
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Inhibitors 

Zinc lead chromate 
Zinc oxide 
Zinc chromate 
Zinc barium chromate 
Zinc lead white 
Prussian blue (iiihibitive) 
White Lead (Old Dutch) 
Ultramarine blue 
Willow charcoal 


Indeterminates 
White lead (quick) 

Basic sulphate white lead 

White lead 

Blue lead 

Lithopone 

Orange mineral 

Litharge 

Red hiad 

Venetian red 

Metallic brown 

Whiting 

Precipitated calcium carbonate 

China clay 

Asbestine 

American vermilion 
Chrome yellow 


Stimulators 
Lamp black 
Blance fixe 
Barium sulphate 
Ochre 

Carbon black 
Graphite No. 2 
Barytes 
Graphite No. 1 
Prussian blue 
(Stimulative) 


Red lead has long been considered the best priming coat for structural 
steel. It produces a tough, elastic film impervious to air and moisture. 
Because of its great weight and poor spreading qualities tluu-e is a tendency 
to thin it down at the expense of its protective valuta Rc'cently the 
development of rust-inhil)itive paints containing zinc and lead chromates 
have come into use, their high t!Ost preventing their extensive application. 

The problem of vehicle is also of importance in the protection of 
structural steel. It is generally conceded that a pure linseed oil priming 
coat is detrimental in that it stimulates corrosion. The presence of x)ig- 
ments greatly retard this corrosion. For this reason the priming coat 
should contain little oil. The linseed oil film is rendered more impervious 
by the use of a spar varnish. 

The use of bituminous paints for the xnotection of steel has often been 
recommended; however, in general, such paints are unsatisfactory when 
exposed to suidight, but serve excellently in the protection of underground 
pij)es, tunnel and mine timbers. 

Iron pipes may also be protected by tin* Angus Smith method, wherein 
the pipes are first coated with linseed oil and baked, then diyiped into hot 
coal tar pitch, or coal-tar pitch admixed with linseed oil. Bitumens other 
than coal tar pitch may be used. 

Small metal objects may be protected by a thick enamel, called black 
Japan, In this process the object is dqiped into a hot solution of linseed 
oil containing a solid bitumen, and subsequently baked to a glossy finish. 

Paints for Rvfngeration Plants .—Most paints fail when used for the 
coating of V)rine ffipes due to the action of ice and water. Paints developed 
for protection under these conditions consist of a pigment possessing inhibi- 
tive properties and a waterproof vehicle. One excellent formula contains 
red lead, zinc chromate, asbestine and willow charcoal ground in linseed 
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oil containing 40 per cent of a high grade kauri gum. Another successful 
formula contains a good grade of asphaltum and gutta percha, the latter 
being perhaps the best waterproofing material known. 

Fire Resisting Pnints .—All oil paints and varnishes are combustible, 
due to the presence of the oil. The addition of asbestine and boric acid 
aid in rendering the paint film non-combustible. The latter forms a glaze 
which prevents ai?cess of air. However, no paint film will protect ^vood 
from an intense fire; the best it can do is to resist ignition by sparks. 

Water paints are thr)se in which water serves as the vehicle. Whitewash 
is essentially a suspension of slaked lime in ^vater. Materials sueh as glue, 
flour, soap, casein, alum and sodium silicate are often achletl to increase 
the adhesiveness of the lime. Sodium chloride is added to pioserve the 
organic binder. Whitewash is used chiefly for sanitary [)urposes on rough 
interiors, such as barns, stables and cellars. Calcimine consists of cahaurn 
carbonate suspended in water. Glue is added to increase its adhesiveness. 
Various color pigments are added for tinting purposes Calcimine is used 
chiefly for the interior decoration of ]dasteretl walls. 

876, Preparation of Surfaces for Painting and Application of Paint.— 
Usually fill paint manufacturers furnish complet.e specifications for the 
method of applying their ijaints to various surfaces, and also for pi eparing 
the surface for painting. These specifications should be rigidly follow'cd. 

All surfaces should be thoroughly cleaned and diied before painting. 
The paint should be applied in dry weather and never when thi^ temjierature 
is below 40° F. In preparing wood surfaces for painting, all knots and 
sappy portions should be previously shellacked. In case the sap is excessive 
it should be scraped off and the surface touched up with rtMl l(^ad. The 
priming coat should always contain a high percentage of turpentine or 
other thinner to dissolve the w^jod resin, to increase the penetration of the 
pigment and to provide a flat surface for the succeeding coat. Each 
succeeding coat should contain a smaller proportion of thinner, the final 
coat containing only linseed oil as the vehicle. At least three coats of 
paint should be applied to all wood surfaces. For priming cypress one 
half pint of benzol should be added to each gallon of paint; for priming 
pine, one half pint of turpentine should be added. After priming, all 
cracks and nail holes should be filled with putty. At least three days 
should elapse between succeeding coats. 

Before repainting old wood work, all dirt, soot and loose scales should be 
removed by scraping or sandpapering. Cracks and holes should be puttied. 
In some cases it may be necessary to remove the old paint entirely by 
means of a blow torch or chemical paint remover; the latter usually con¬ 
sists of a mixture of wood alcohol, benzol and acetone, a suitable ratio 
being 4:5: 1. 

In preparing steel surfaces for painting, all loose scales and rust should be 



8L6 


PAINTS AND VARNISHES 


thoroughly romoved by the use of hammers, scrapers and wire brushes. 
Grease should be carefully removed, with benzine. It is important that 
all rust be removed, because it acts as a stinudator to further corrosion. 
It is also necessary that the surface be absolutely dry. The priming coat 
should l)e applied in the shop before assembling and while under cover. 
No thinner should be used in the priming coat, and a minimum of linseed 
oil consistent with fair working qualities. All rivet and pin holes should 
be painted; bolts should be dipped in the paint. Parts av lich are to over¬ 
lap should be painted before riveting together. All scars produced during 
transportation and assenibling should be touched up again with the priming 
coat. 

In riq^ainting old work the same precautions must l)e followed in provid¬ 
ing a clean surface. All l)are spots should l)e cleaned and reiouched with 
the piiming coat. 

Befon^ painting pjadcr the surface shoidd be In-ushcd with a solution 
of ziru^ sidphate in water, and all cracks filled with plaster of Paris. The 
first coat shoidd consist preferably of a zinc oxide, lithoT'one pigment. In 
rejiaiiding old work, all grease must be removed with lienzine, and entire 
surface washed with soup and water. Ihdore ajiplying (•alcimine it is 
necessary to size the walls; this rainsists in brushing on a hot solution of 
glue. 

In jireparing errnent and concrete for painting, all grease and oil sliould 
first be removed wiMi lic'nzine, and the surface liruslied with a solution of 
zinc sulf)hate to neutralize the lime. The first paint (*t)at- may consist of 
10 pounds of white lead per gallon of linseed oil, using no drier. After the 
priming coat any paint desired may be used. 

B76. Varnishes may lie classified into two groups, the oil varnishes and 
the spirit varnishes. Oil varnishes consist of a resin dissolved in linseed 
oil which iqnm drying produces a tough, elastic film. In spirit varnishes 
th[‘ resin is dissolveil in a volatile solvent such as benzol or alcohol, which 
upon drying evaporates and leaves a fiat surface of the resin. 

877. Resins.—The natural exudations of trees, particularly the coni¬ 
fers, are known as gums and resins. Gums may be distinguished from 
resins in being partly soluble or gelatinizable in water and insoluble in 
alcoliol, whereas resins are insoluble in water init soluble in turpentine, 
alcohol and benzol, esyiecially after heating. The true gums are not used 
in varnish manufacture. When resins contain a consideralde quantity of 
the naturally occuring essential oil they are known as oleo-resins or balsams. 
When such resins have been allowed to accumulate on the ground with 
evaporation of the essential oils, they are called fossil resins. When mixed 
with mucilaginous matter they are known as gum-resins. The resins used 
in varnish manufacture may l)e classified into (1) natural resins; (2) rosin, 
also known as colophony; (3) shellac, and (4) synthetic resins. 
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The natural resins include all the naturally occurring resins which are 
used in varnish manufacture. These may again I e subdividctl into those 
which are partly soluble in alcohol and hence may b(? used in spirit 
varnishes, such as anime, dammar, tlragoti’s V)loL)d, elemi, mastic and 
sandarac. Anime is used to impart additional toughness to varnish films, 
and dragon's blood is jiiazed l)ecause of beautiful I'oloiiiig pj'operties. The 
second subdivision of the natural resins include those which are soluble in 
turpentine and linseetl oil only after heating. Tlnvse include all the fossil 
resins, such as ainbra-, and the (‘ 0 ])als, such as Angora, Demarra, Java, 
Manila, l^eV)V)Ie, also Kauri and Zanzibar. 'Idie tilder a resin the more 
suitable it is for varnish making, in that it piovides a harder and more 
lustrous surfac(\ Kauri and Zanziliar are tlie most valuable resins in 
varnish ma.nufacture. Aml>er is rarely uscil bctause of its high cost. 
An increase in resin ])rnrluces a Jiiirilei- and more glossy tinisli, but the tough¬ 
ness of the film is reduced. 

Rosin is tlie ri'sidiie left after tJie distillation irf tiii])t‘ntin(' from pine 
tree resin. It contains consid(M*able free aciil, whif h is oftrai neutralized 
by the addition of lime, llanlness may be incnaised and acidity di'creased 
also l)y lif'ating. In general, insin is considered as a chiai]) and inhviior 
adulterant in linseed oil varnisln's becaiisi* it reiulias thi‘ him very brittle, 
turns white when w'ati'r is ai)i)li(Ml and imparts poor wiNiring qualitieH. 
Witla (diina wood oil, however, josiri produei's an exeidlent vainisli, durable 
and higlily water-tiroof. 

Shrllnc is a prodmd of hie which is a S(*cndion of an insect that feeds 
111)011 th(‘ resinous exudatimi of trees native to India. To jiroduce shellac, 
the lac is heaterl in liags and whiai meltefl is srpieezeil through the cloth. 
Orpimeiit is adfled to give color to sliclkic. Kosin is added only as a cheap 
arliilterant. Shellai* is solulde in alcohol, hence is used in spirit varnishes. 
It is insolul)le in benzine, tur])C‘ntine, water and acids. Shellac is often 
bleached wdth sodium liypordilorite. lIleachiMl slndlac becomes insoluble 
in alcohol upon storage. 

Synthetic resins include sucli materi.vds as Bakelite and cellulose nitrate 
which kre used in spirit varnishes. 

878. Oil Varnishes are made l)y melting resins at as low a tranperature 
as ])ossil)le, adding hot linseed oil; and, after cooling slightly, the desired 
thinner, such as tur]ientiiie, is added. Oil varnishes are classified according 
to color, resistance to wear and luster. A .shf)rt " oil contains from 5 to 
11 gallons of oil per 100 pounds of resin; a “ long ” oil from 2o to 50 gallons. 
A high resin content increases the luster and hardness but decreases the 
toughness of the varnish film. '' Short ” oil varnish is used where high 
luster is desired and whtue great resistance tf) wear is not required, such as 
on wood trim and furniture. “ Long ” oil varnish is used where durability 
is the chief requirement such as on floors and spars of ships; hence called 
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“ spar ” varnish. “ Hard oil ” finish is a cheap grade of rosin varnish 
often used for interior house-finishing. “ Gloss oil varnish is the cheapest 
grade of varnish made; it consists of rosin dissolved in benzine. Floor 
varnishes usually contain from 15 to 18 gallons of oil per 100 pounds of 
resin. Tung oil has been extensively used for this purpose because of its 
water-resisting properties. 

Baking varnishes include those varnishes which are baked upon the 
surface at the highest permissible temperature. Baking produces a hard 
impervious luster of high durability. Driers and rosin should not be used 
in this type of varnish. 

Baking Japajis are a type of baking varnish wherein part of the resin 
is HuV)stituted with asphaltum. This also provides a highly lustrous 
surface, resistant to wear and chemical action. 

879. Spirit Varnishes are used chiefly for staining wood to enhance its 
beauty. An oil varnish is usually suhsetivnuitl^^ applied. The resins used 
in spirit varnishes include shellac, dammar, elemi. Lacquers and stains 
may also inchidefl as spirit varnishes, although opaque pigments may be 
added as well as a drying oil. Spirit varnishes are also applied to metals 
to prevent clnnriical corrosion and oxidation l>y the air. 

BBO. Testing of Paints and Varnishes.—The durability of paints can 
be tested only by long time exposure, such as by fence panel tests. The 
engineer should buy his yiaint upon specification or accept the recommenda¬ 
tion of th(' [jaint Jiianufacturer as to the most suitable composition. When 
paints are bought u])on specification the actual composition may \)e checked 
by I'hemical arndysis. Tln^ pigment and vehicle are separated and are 
analyzed se]iarately. A chemical analysis is made on the pigment. 
Microscopic (examination assists in the identification of adulterants. The 
vehicle is tested for (piality of drying oil, percentage and nature of tliinner 
and nature of drier. 

The cheniical analysis of varnishes is highly uncertain and indefinite 
btaausp of the exti eine alteration of the resins and oil during manufacture. 
A few siinph? pi-actical tests will reveal much as to the quality of the varnish. 
Tl\c time of drying can l)e noted by applying a thin coat of the varnish on 
a panel of wood previously painted black. The rubbing properties can 
be determined l)y ]X)Ushing with steel wool and pumice after drying is 
complete. The lu.sti'r and colm- can be compared upon applying a second 
coat to the panel. A varnish to be resistant to water should not turn white 
when a stream of cold water is run on the panel overnight. A similar test 
should be performed with hot water for tliirty minutes. By applying a 
coat of varnish to a vertical glass surface and then peeling off with a knife 
five days later, the elasticity of the film will be indicated. A dry film of 
varnish which chalks when rubbed with the fingers indicates rosin. 

For detailed information on the manufacture of paints and varnishes, 
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the best approved specifications and methods of testing the following refer¬ 
ences will prove valuable: 
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CONSTITUTION OF SOME OF THE MOKF] IMPORTANT NON- 
FERROUS ALLOYS* 

By R. a. Raijatz f 

B81. General Principles. —In th(‘ loliowiiig pa.p;e.s on the ennstitution 
of non-ferrous alloys, it is assumed that the reader is thoroughly familiar 
with the simple eonstitution diagrams diseussetl in Chapter XX. In 
addition, the following two l uhis J will assist greatly in the interpretation 
of a constitution diagram, and in determining from the diagram, the trans¬ 
formations that take place when an alloy of known composition is heated 
or cooled through certain temperature ranges. 

Rule 1. To determine the composition of the two phases present at 
any temperature when in a field where two phases are indicateil, draw a 
temperature horizontal through the field. Th(‘ compositions corrosyiond- 
ing to the two points where this horizontal cuts th(> boundaries of the field 
will give the com|)ositions of the two phases present. For example, refer- 
ing to Fig. 3, wliich is the constitution diagram foi* the copper-zinc alloys, 
consider an alloy composed of 60 per cent copper ainl 40 yier cent zinc. 
According to tlie diagram, if this alloy is at a temiierature of 700" C., 
it will consist of two phases, a and jtl, both of Avliich are solid solutions. 
At 700° C., the comiiosition of the a solid solution is given by the 
point A:, which is the intersection of the 700° C. horizontal with the line 
afcrii. The comi)OsitioTi of the ^ solid solution at the same temperature is 
given by point n, which is the intersection of the 700° C. horizontal 
v;ith the line bub^. This rule of course applies only to fields on the con¬ 
stitution diagram where two phase's are indicated. 

Rule 2. To determine the relative proportions by weight of the two 
phases present at any given temperature when in a field where two phases 
are indicated, draw a tem])erature horizontal, and note where it intersects 
the boundaries of the field. The ratio of the weights of the two jiliases is 
equal to the inverse ratio of the distances from the vertical corn'sponding 
to the average composition of the idloy, to the boundaries of the field. 

• Refprenres: Gviillct hihI Pnrluvin, McUiUogrnphy and Marrography, Gulliver, 
Metallic Alhrys. Heyt, Metallography, Vnl. II. 

t As.soniitc Professor of ChcmiFai EiiginncriiiK in The Univorsity of Wisoonsiii. 

X Similar to rules given by Hoyt, MctaUographij, Vol. I, p. 12-13. 
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For oxampli\ referring again to 1 and considering an allo}’' coutainixig 
60 per cent copper and 40 per cent zinc, at 700° C’., 

AVt*igl\l of a inn 

Weight of km 

This rule also applies only to fields on the diagram v;here two phases are 
in diet) ted. 

Another point that should })e underslotni is lhat the const it \ition 
diagram tells what const it lU'nts are ]wst‘nt in an alloy at any tempera¬ 
ture, only if the eonditioiis an‘ 
such that tlu" alloy is in jierfeeT 
equilibrium. Usmdly, if cooling 
is rapid, equilibrium will not 
be establislied, ami reactions 
which would take place if tlie 
cooling rate were very slow, 
will not have an oiiportunity 
to proceed or go to conqih'tion. 

882. The Copper-Zinc Con¬ 
stitution Diagram.'^' -Tlu* por¬ 
tion of the copiier-zinc consti¬ 
tution diagram shown in Fig. 1 
covers th(‘ composition range 
of alloys in this s(*ries whii'h 
are of commercial importance. 

This diagram is of particular 
interest since it applies to the 
ordinary brasses, which ari^ the 
most important non-ferrous 
alloys. 

883. Solidification of Cop¬ 
per-Zinc Alloys. —When alloys 
between A and B in com¬ 
position cool from tempera¬ 
tures within the liiiuid field, 
crystals of a solid solution start to form at temperatures indicated by the 
line AB. For alloys wlmse compositions are between A and rx, solidifica¬ 
tion proceeds e.xactly tin* same* as m any solid solution alloy, as described 
in detail in Art. 632. Solidification is complete at temperatures indicated 
by the line An, and the entire mass then consists of homogeneous a. solid 

* P()l)prt.s-Aiistcn, Prnc Inst Mirh Eng , 1S97, p. '11; Shepherd, Jour. Phyn. Chem., 
Vol. 8, p. 421; Ciirpciiler and lulwards, Jour. Inst. Vol. o, p. 127. Hudson, 

Jour. Inst. Metals, Vol. 12, p. S9; Internatirmal Cntieal Tables, Vul. 11, p. 435. 
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solution. In alloys between a and B in composition, solidification pro¬ 
ceeds as in any solid solution alloy until the temperature horizontal abB 
at 904° C. is reached. At this temperature, the following reversible 
reaction takes place, in the direction indicated by the upper arrow, a 
(composition a)+liquid (composition (composition b). If the com¬ 

position of the alloy is between a and 6 , all of the liquid is used up in the 
reaction, and solidification will be complete at 904° C. If the composi¬ 
tion of the alloy is between b and all of the a solid solution is used up 
in the reaction, and solidification will not be complete. The alloy will be 
composed of 0 solid solution of composition b and liquid of composition B, 
after the reaction at 904° C. has gone to completion. The temperature 
will then commence to drop, and solidification will proceed as in any solid 
solution alloy. Solidification is complete at temperatures indicated by 
line bbi, and the entire mass will then consist of homogeneous 0 solid 
solution. 

The solidification of alloys between B and bi in composition is similar 
to that of any solid solution alloy. Line BC indicates the temperatures 
at which solidification commences on cooling from temperatures within 
the liquid field. Solidification is complete at temperatures indicated by 
line bb\ , and the entire mass consists of homogeneous 0 solid solution. 

BB4. Transformations in Copper-Zinc Alloys after Solidification.— 
Alloys whose compositions are between A and a consist of homogeneous 
a solid solution immediately after solidification, and cooling to room 
temperature causes no transformations. 

Alloys between a and b in composition, will consist of a of composi¬ 
tion a and 0 of composition b immediately after solidification. On cooling 
through the a-\-0 field, the quantity of a will increase with consequent 
decrease in 0, in accordance with Rule 2 . At the same time, the composi¬ 
tions of the a and 0 are constantly changing, and may be determined at 
any temperature by applying Rule 1. If the vertical corresponding to 
the composition of the alloy intersects the inclined line tifcai, the 0 phase 
will disappear entirely at the temperature corresponding to the point of 
intersection, and the entire alloy will be composed of a solid solution. 

Alloys whose compositions are between b and bi consist entirely of 
homogeneous 0 solid solution immediately after solidification. When 
alloys between b and 62 in composition are cooled, a solid solution will 
start to separate at temperatures indicated by line bnb 2 , and will continue 
to separate till the temperature horizontal aib 2 is reached. In a similar 
manner, alloys between bi and ba in composition will deposit j solid solu¬ 
tion in cooling between biba and b^ci. 

The transformations indicated by lines aib 2 , b 2 b^, and bjci will next be 
considered. When alloys between ai and 62 in composition are cooled 
to a temperature indicated by the horizontal line aib 2 (453° C.), they 
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consist of an aggregate of two solid solutions, the a and the p phases. The 
a solid solution has the composition ai and the P solid solution has the 
composition The relative proportion of the a and the p phases depends 
upon the per cent zinc in the brass, and may be determined for ainy specific 
alloy b}^ application of Rule 2 . At 453° C., the a phase undergoes no 
change, but the P phase is bodily transformed into an allotropic modifi¬ 
cation, the p' solid solution. Alloys whose compositions lie between 62 
and undergo a progressive change from P solid solution into P' solid 
solution as the temperature drops between the two curved lines connecting 
b 2 and 6 . 1 . When alloys between 63 and n are cooled to a temperature 
indicated by the horizontal line baci (470° C.), they consist of a mixture 
of two solid solutions, the p and the 7 phases. The p solid solution has the 
composition b^, and the 7 solid solution the composition a. The relative 
proportions of the two phases in any specific iilloy may be determined 
by application of Rule 2 . At 470° C., the 7 phase remains unchanged, 
but the p phase is completely transformed into p' solid solution. 

886 . Microstructure of Copper-Zinc Alloys. According to the 
equilibrium diagram, all alloys whose compositions lie be>tweeii A and ai 
w'ill be homogeneous solid solutions at room temperature if cooled through 
the solidification range at a slow enmigh rate to maintain equilil/rium con¬ 
ditions at all times. As a matter of fact, alloys in this range of composi¬ 
tion wlien cast, cool too rapidly for equilibrium to be established. As a 
result, these alloys do not appear homogeneous when examined under the 
microscope, but will exhibit the dendritic structure as shown in Fig. 2 . It 
is possible to produce a liornogeneous structure in a cast brass by a pro¬ 
longed anneal at approximately 700° C. 

Brass sheets, rods, and tul)ing containing more than 63 per cent copper 
are cold worked to shape from the cast mc*tal. The severe cold working 
causes distortion of the crystals making up the metal, and causes a great 
decrease in ductility, and an increavse in hardness, tensile strength, and 
elastic limit. To prevent rupture, it is necessary to anneal the metal 
several times in the process of reduction to the desired shape. Though 
the material in the cast condition has the dendritic structure shown in Fig. 
2 , the cold working and annealing produce perfect homogeneity. Fig. 3 
is a photomicrograph of sheet brass containing 70 per cent copper. The 
metal is composed of irregular shaped crystals which are homogeneous 
in composition. It should be noted that many of the crystal grains are 
crossed by parallel lines or bands. This effect is known as twinning, and 
is characteristic of a brass which has been cold worked and then annealed. 

If the copper content is less than ai, 61 per cent, a new constitutent 
makes its appearance. Fig. 4 shows the structure of Muntz Metal (60 
per cent copper) after etching with ammonia and hydrogen peroxide. 
The light elongated areas are p^ solid solution, while the equi-axed grains 
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that make up the balance of the metal are a solid solution. It should be 
noted that the relative coloration of the a and 13' depends upon the etchant 
employed, and may be the reverse of that shown in Fig. 4. Acid ferric 
chloride or chromic acid with hydrogen peroxide blacken the /3' and 
leave the a light, as illustrated by Fig. 2. 
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If the romposilioii of the alloy is between bi and ha, the entire mass will 
consist of homogeneous fl' solid solution at room teinperat ur(\ The (3' solid 
solution differs from tlie a solid solution, in that tJu‘ (3' never exlubits the dt'n- 
dritie. structure eliaract eristic of « brass in the cast comlition nor the profusi^ 
twinning charact eristic of « brass which has been cold worketl and annealed. 

BB6. Relation between Constitution and Mechanical Properties of 
Copper-Zinc Alloys.— Tlie mechanical properties of the a and /9' soliu 
solutions are quite different. Brasses consisting entirely of a solid solu¬ 
tion are very ductile when cold, and rather soft, whereas a brass composed 
entirely of 3' solid solution is harder, has practically no ductility, and is 
so brittle that the tensile strength is low. 

The a solid solution has maximum ductility at 70 per cent copper. 
Therefore, this is the most desirable composition if the brass is to be sub¬ 
jected to severe cold working in the reduction to the desired shape. How¬ 
ever, brasses of lower copper content, 68 to 70 per cent, are often used 
even though they are worked with greater difficulty, since they are cheaper. 

If the zinc content is above 39 per cent, the j3' constituent will be present. 
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The presence of the causes an increase in the tensile strength till the zinc 
content is approximately 40 ])ei- cent, above wliit li the tensile strength 
drops off quite rapidly. Tlie increase in tensile stren^tli caused by the 
presence of a small quantity of p and the decrease in t ensile strength when 
the jfl' is present beyonil a certain limit inti; value, is sDinmvhat analo^nous to 
the effect of cementitf' upon the tensile streii;»;th of steel (Art. 079). The 
fj' constituent causi^s a continuous decrease in iliu-tility, and a continuous 
increiise in haidness. Alloys coniainini:: less tiiaii 55 per cent eopjier 
contain so much /3' that they are too britth* to ix' of any use. 

The 7 solid solution is very brittle, thereff)re any alloys ('ontaininp this 
constituent are of little use. 

BB7, Mechanical Treatment of Brass. Sini‘t‘ eopi^er in '.y bi^ worked 
either hot or cold, it would be exjiected that tlie iv solid solidi a low in zinc 
e: uM be worki'd (dtliia’ hot or cold. This is i lii^ case if thi’ zinc content 
is not abt)ve 10 per cent 

Brasses conlainin^ Ixdween 90 and (>‘1 per cent copi)er cannot lie worked 
hot, but must be reduced to sliape cold. The mo,lesirabli* composition 
from the standiioini of ease of working-, is 70 |)(‘r n id cn|)i)i r, but economic 
considerations oftcui make it atlvisal»le to use a. lowia’ foiiiiiM- content, 
(I'f to 70 per ci'nt. If cold-workiMl brass is examined uiuli'r lhi‘ microscope, 
it will lie siMui tied (lie plains are sevi'ndy distorted and broken up. 

The eonstituiMit is noii-Mialleahle at onlinary tcmpiviatlives. There- 
foi‘e, if a brass eontaiiis a eousidiaabl(‘ amount of thi‘ constituent, it must 
be workt'd hot. If only a simdl amount of /T is iiresiud, as in lirasses eon- 
tainins 00 to til per cent copper, it is possifile to cold work tlie nu'tal if care 
is taken. IIowevcT, brasses of such composifion are usually worked hot. 

The 7 constit uent is so brittle that an a,Hoy lavntainiiii;!; it- in appreciable 
quantities cannot be worked iMthcr hot or cold. 

888. Heat Treatment of Brass. —It was shown that brass in the cast 
condition has a non-horno^^eneous structure. If the conqiosiiion is above 
61 per cent copper, the structure may be reiideriMl homogeneous by a 
prolonged anneal at approximately 700° C. 

The most important heat treatnu'iit wliieli brasse.s an* sulijected to, 
is the annealing operation in the process of cold working to the desired 
shape. Cold working pjoduees severe distortion of tli(‘ grains making up 
the metal, and a great ih'crease in duefility, and an increase in hardness, 
tensile strength, and elastic limit. To prevfuit failure of the metal, it must 
be annealed several times in the course of reduction to thi? desired shape. 
Annealing causes reerystallization of the strained metal, and restores the 
ductility. The annealing tempnratm e must be above a certain minimum, 
or recr 3 \stallization of the metal will not take place. The minimum 
annealing temperature is not fixed, but deviends upon the amount of cold 
work the metal has been subjected to, and upon the composition. In 
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general, the greater the amount of cold work the metal has been subj ected 
to, the lower will be the minimum temperature required. For a given 
reduction in cross-section, the higher the zinc content, the lower will be the 
minimum temperature required. In annealing cold-worked brass, care 
must be taken that the annealing temperature is not too high, or the grain 
size will be large, causing brittleness. Specifications for brass sometimes 
require that the grain size be within certain limits. The microscope finds 
an important industrial application in controlling the annealing of cold- 
worked brass. 

Inspection of the equilibrium diagram will tell at once whether the 
constitution and hence the mechanical properties of an alloy may be altered 
by quenching. The constitution of alloys containing 68 to 100 per cent 
copper is unaffected by quenching from temperatures below the line Aa. 

If alloys whose compositions are between 61 and 68 per cent copper are 
heated within the a+0 field and quenched, the ^ which was present at the 
quenching temperature will be retained due to the rapid cooling rate. 
Retention of the 0 causes an increase in the tensile strength, and a decrease 
in ductility. 

089. Special Brasses. —The effect upon the microstructure and 
mechanical properties of brass produced by the addition of a third metal 
has been investigated by Guillet.* The addition of a third metal to 
a brass may affect the microstructure in one of the three following 
ways: 

(1) The added metal does not alloy with the brass at ordinary tempera¬ 
tures, but exists in the free state dispersed throughout the mass. If an 
unetched section of brass to which lead has been added be examined under 
the microscope, numerous small globules of lead are seen distributed 
throughout the metal. In general, the presence of the additional constit¬ 
uent will cause a deterioration of the mechanical properties. The addition 
of lead to brass lowers the tensile strength and decreases the ductility, yet 
leaded brasses are very widely used because they machine so easily. 

(2) The addition of a third metal causes the appearance of a new 
constituent. Both phosphorus and tin have this effect. In Naval brass 
(Art. 793) the addition of tin causes the appearance of a constituent similar 
to the 5 constituent in the copper-tin series. 

(3) The third metal added enters into solid solution, at least up to a 
certain limiting quantity. Some metals, as for example silicon and alumi¬ 
num, affect the microstructure in the same manner as the addition of zinc. 
Certain other metals, as nickel and manganese for example, have the same 
effect upon the microstructure as the addition of copper. If the mechanical 
properties of an ordinary and a ternary brass which both exhibit the same 

• Guillet, Comp. Rend., Vol. 140, p. 307, Vol. 142, p. 1047; Rev, de Met., Vol. 2, p. 
07, Vol. 3, p. 143. 
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microstnicture be compared, it will be found that the mechanical properties 
of the ternary brass are superior. 

890. The Copper-Tin Constitution Diagram.'*' —The copper-rich end of 
the constitution diagram, Fig. 5, is of interest since it is applicable to the 
ordinary copper-tin bronzes, which are of con¬ 
siderable industrial importance. The useful alloys 
in this series usually contain less than 25 per cent 
tin, therefore, the following discussion on copper- 
tin alloys will be confined to compositions ranging 
from 0 to approximately 25 per cent tin. 

Fig. 5 is similar in many respects to the cop¬ 
per-rich end of the copper-zinc constitution dia¬ 
gram, hence it is unnecessary to give as detailed 
an account of the process of solidification of the 
copper-tin alloys, and subsequent transformations 
in the solid state, as was given for the copper-zinc 
alloys. Coj)per-tin alloys l)etwccn aj and hj in 
composition when cooled to 500° C., will consist 
of a of eoniy)Osition aj and jS of composition 
At 500° C., the (3 solid solution breaks up into 
an intimate mixture of a and 5, known as the 
at+5 eutectoid. It should he noted that the 
right hand boundary of the «-|-5 field curves 
quite sharply to the left between 500 and 300° C. 

Application of Rule 2 to this portion of the a+5 
field shows that the proi)ortion of 5 increases 
(‘oiisideral)ly as the alloy (ools through this tein- 
y)erature range. 

891. Microstructure of Copper-Tin Alloys.— 

According to tlie constitution diagram, alloys 
between A and in composition, 0 to 13 per cent 
tin, will consist of homogeneous a solid solution 
at room temperature, if the cooling rate was slow 

enough so equilibrium was maintained throughout the solidification range. 
However, bronzes within this range of composition when in the cast con¬ 
dition, exhibit a dendritic structure similar to that shown in Fig. 6, since 
cooling is too rapid for equilibrium to be estabished. If a cast bronze 
within this range of composition be annealed for an extended period of 
time, or successively worked and annealed, diffusion will take place within 
the metal, and a perfectly homogeneous structure will ultimately result. 



Fid. 5.—Part of the 
Con.stitiition Diagram 
for Copppr-Tiii Alloye. 


* Ruberta-Austen and Stanslield, Proc. Inst. Mech. Eng., 1895, p. 269, 1897, p. GV 
Heynock and Neville, Proc. Roy. Soc., Vol. 69, p. 320; Phil. Trans., Vol. 189-A, p. 25^ 
Vol. 202-A, p. 1; Shepherd and Blough, Jour. Phys. Chem., Vol. 10, p. 630. 
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Alloys between ai and 63 in composition, 13 to 25 per cent tin, will be 
composed of a and thea + 6 eutectoid immediately after the transition 
at 500° C. In cooling between 500° and 300° C., the amount of 5 
increases considerably, as indicated by the curved line bounding the right 
side of the a + 5 field. 

B92. Relation between Constitution and Mechanical Properties of 
Copper-Tin Alloys.— Tht^ a soliil solution is more ductile and considerably 
stronger than pure copper. For rolled bronze, tlu^ addition of tin from 
0 to 8 per cent causes a conihiiious increase in tlu^ ultiinatt^ tensile strength, 
elastic limit, hardness, and ductility. 

The pj'eseni;e of 6 constituent increases the hardness, makes the 
metal more brittle, and diicreases the ductility. At 18 per cent tin, the 
elongation is m^arly zero. The ultimate tensile strength of cast bronze is 
intireascfl l)y the prestaiee of 5 till the 1 ,in content is approximately 19 per 
cent, above which the tensile strength tlrops off rapidly. 

Thf', usefulness of the ordinary copper-tin bronzes for bearing metals 
is dei)endent upon tlie fact that the 5 constituent imparts desii’able anti- 
frictional qualities to the. nn^tal. IVronzi'. containing above 11 ))er (lent- tin 
has the sti'ucture retpiisile for a bearing iin^tal, since it is composed of hard 
particles of 5 set in a rtdat ively soft mat rix of a. In generid, the higher the 
tin content, and lienee the proiirntion of 5, the greater will be the maximum 
bearing jiressure at which operation will \n) satisfactory. However, as the 
quantity of 6 inci ea-st's, Hie brittlent'ss and diffiiailty of w()rking increase. 

The usefuliK^ss of bronzt' as a material for gears is also due to the jires- 
ence of the 5 eonstitin'iit. Bronzes containing 10 to 13 per cent tin have 
sullicient 5 to give th(' gear the necessai*y strength and resistance to 
aVirasion. 

Th(' compouiul C'u:uSn is also lirittle, and alloys ronsisting largely of 
this constituimt iind fi'w apjdications in industry. ^Speculum metal (Art. 
794) is (‘oiniiostMl hugely of 5 with some (Ju^Sn. 

893. Mechanical Treatment of Copper-Tin Alloys. —The a solid solution 
may be workiMl cold, V)ut cannol be woiked hot unless the tin content is 
very low. Tlie 5 constituent d(M‘reas(\s tlie ductility and embrittles the 
metal to such an (^xttmt that bronzes containing appreciaVde quantities 
cannot be worked cohl. Cast bronzes containing 10 to 13 per cent tin are 
difficult to work, since tlu‘ nodal as cast is not homogeneous, but contains 
some 5. 

The ck+ 5 bronzes can be workeil hot if tin' temperature of the metal 
is between 500"^" ami 800° C. In heating above 500° C., the a +6 
eutectoid is conv(*rted into solid solution, which is considerably more 
malleable and ductile than the 5 constituent. The working tempeia- 
tuie should not exi'eed 800° C., since at this temperature the a4-5 
bronzes undergo partial li(piefaction. Bell metal, 75 to 80 per cent copper 
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is usually cast to the desired shape in the mamifarture of large bells, but in 
making small bells, the metal is .sometimes worked lo sliape at a tempera¬ 
ture between 500^ and 800° C. 

894. Heat Treatment of Copper-Tin Alloys. The heterogeneous 
.structiirr shown l)y cast alloys between A and rio in cnmi)Ositiou, 0 to 
per cent tin, may be ellaceil l)v a prolonged anin^al. Annealing causes an 
increase in the ductility, and a decnaise in tlie baldness and liaisile strength. 
Annealing cnld-work(Hl bronze causes i*(‘crvstallizat ioji of I hi' ilistorted 
metal, with pronounced iwinning. 

Inspection of the diagram will tell whetlu-r the constiiiition and hence 
the mechanical i)rO])erties of an alloy may be altereil by ipienchiiig. Alloys 
lielween A and a in composition will be unalTected by ipiem liing at tem- 
lieratures below the lini‘ Aa, provided that the structure of tiie inetid was 
initially homogeneous. Alloys between a anil :/t in comiiosilioii will be 
composed of a and 13 if heated to temperatures aliove the line arii and then 
nueiiched. Allot s bet ween ai and h{ in com])osition will consist of tx and/i 
when heated al>ove oOO^ C\, tinil ijiienchiiig will n‘suit in ri'baition of the 
d solid .solution. The mechanical proiiia lies of tlu d ‘^‘did solution are 
suiierior to thosi' of the solid solution, hence the mechanical iirojiertiea 
of the 01+5 alloy.^j are con.sideralily imiiroved by ipienching at tempera¬ 
tures between 500° and 800° C. The ultimate tensih' stieugth, ductility, 
and nialleal)ility are increased. It has been meiitioned lliat small bells, 
which usually contain 20 to 25 per ci*nt tin, ari^ oflim worked to sha])!^ at 
teinperatures bidween 500° anil 800° (\ An alteiaiate methoil is to 
heat above 500° (\, (|uench, and then work to sliajM' cold. Uetention 
of the d solid solution as a ri‘sult of the rpienciiiug o|)eration imparts 
suflicient malleability to thi' inetai so it may bi‘ workeil folib 

B96. Special Bronzes. 10\osi)honis, hard, zinc, anil silicon are the 
most important elements thad/ ai’e alloyed wilh eop])i‘i-tiii lironzes to 
improve their prn]iertir‘s. 

(a) PhoHphor lironzi^H. —Pliosiihor In-onzes may be iliviiled into two 
grouj).s, according to their pho.s])horu.s contenis. (1) The finished Ijronze 
contains only a trace of ])hosidiorus, ami the iminovianerit in mechanical 
properties is due simply to the dc'oxidizing act ion of tlie iVhosphorus. 
When bronze is melletl, oxides of copj)er and tin ari' formiMl, and are a 
source of weakness in the metal. hen phos])hf)rus is arldiMl to thi' molten 
metal, the oxides of tin and copjjer are i edui*efl, and the phosijhorus pent- 
oxide which is formed enters thi' .slag on thi> surfaia' of thr* metal. (2) 
Phosphorus is jiresent in the finislierl metal up to aj^proxirnately 0.4 
per cent. In addition to acting as a deoxidizer, the pln^siiliorns adtled to 
these bronzes affects the mechanical properties by the formation of the 
compound Cu.-^P. This constituent is hard, brittle, has a low coefficient 
of friction, and resists abrasion. Phosphor bronzes of this cla.ss find their 
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principal application in the manufacture of bearings and gears. The hard 
particles of 5 and CU 3 P are set in a relatively soft matrix of a. 

(b) Lead Bronzes. —If lead is present above 2 per cent, the tensile 
strength and ductility decrease quite rapidly. The presence of lead makes 
a bronze easier to machine, and also greatly improves the anti-frictional 
qualities of the metal. Leaded bronze for bearings may contain as high as 
30 per cent lead. The lead is practically insoluble in the bronze, and exists 
in the free state dispersed throughout the metal. A difficulty encountered 
in the manufacture of high lead bearing bronzes is the tendency of the lead 
to segregate on cooling. It has been found that this difficulty may be 

overcome by rapid cooling, and by 
adding approximately 1 per cent 
nickel. Plastic bronze has approxi¬ 
mately the following composition: 
(>4 per cent copper, 5 per cent tin, 
30 per cent lead, and 1 per cent 
nickel. In leaded bronze, the soft 
particles of lead are set in a hard 
matrix of bronze. 

(c) Zinc Bro'fizes .—Zinc acts as a 
deoxidizer, increases the fluidity of 
the molten metal, and decreases the 
tendency of the metal to form blow¬ 
holes. The zinc goes into solution, 
and has the same effect upon the 
constitution as the addition of cop¬ 
per. Fig. 6 shows the microstructure 
of a zinc bronze which is used quite 
extensively. Small light areas of 
the a+d eutectoid are surrounded 
by skeletons of heterogeneous a solid 
solution. If the zinc content is below 2 per cent, the mechanical properties 
are not greatly affected. If the zinc content is greater, the tensile strength 
and ductility drop off. 

(d) Silicon Bronzes .—Silicon is added as a deoxidizer, and the finished 
product contains only traces of silicon. Silicon bronze finds ics most im¬ 
portant application in the manufacture of wire to be used for electrical 
conductors. It has a greater conductivity than phosphor bronze. 

896. The Copper-Aluminum Constitution Diagram.*—In the copper- 

* Curry, Jour. Phys. Chem., Vol. 11, p. 425; Carpenter and Edwards, Proc. Inst. 
Mech. Eng., 1907, p. 57; Gwyer, Zuit. Anorg. Chem., Vol. 57, p. 113; Andrew, Jour. 
Inst. Metals, Vol. 13, p. 249; Merica, Wallenberg, and Freeman, Bur. Sinds. Sci. Paper 
SS7. 



Fig. 6. —Government Bronze Contain¬ 
ing 88 Per cent Copper, 10 Per cent 
Tin, and 2 Per cent Zinc. Small 
light areas of a+5 eutectoid sur¬ 
rounded by skeletons of a. Etched 
with chromic acid and hydrogen 
peroxide. Magnification = 75d. 
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aluminum alloy series, both the copper-rich and the aluminum-rich alloys 
are of industrial importance. The portions of the copper-aluminum con¬ 
stitution diagram shown in Fig. 7 cover the composition range of the useful 
alloys in this series. Since the 


allo\^s of commercial importance 
contain 0 to 12 per cent copper, 
and 88 to 100 per cent copper, de¬ 
tailed discussion v;ill be confined 
to these ranges of composition. 

The copper-rich end of Fig. 7 
is quite similar to the other two 
diagrams which have already" 
been discussed in this chapter, 
therefore a detailed account of 
the process of solidificatio^^^d 
transformations in the solid stjite 
will not be necessary for the 
copper-rich alloys in this series. 

897. Copper-Rich Alloys of 
Aluminum and Copper. — (a) 
Microstructure .—Alloys between 
f)l and 100 per cent copper will 
be composed entirely of homo¬ 
geneous Of. solid solution at room 
temperature, if the rate of cool¬ 
ing during solidification was slow 
enough so that equilibrium was 
maintained. Cast alloys within 
this range of composition exhibit 



percent Aluminum by Weight 


theheterogeneous structure which Fig. 7. — Part of the Constitution Diagram for 

is characteristic of most solid so- Copper-Aluminum Alloys. 


lution alloys in the cast state. 

At room temperature, slowly cooled alloys between ai and f )3 in composi¬ 
tion will consist of crystals of a mixed with the □£+ 6 eutectoid. The rela¬ 
tive proportions of the free a and of the eutectoid are dependent upon the 
composition of the alloy. The quantity of eutectoid varies from 0 to 100 
per cent as the composition varies from ai to The eutectoid assumes 
a coarsely granular form if any free a is present in the alloy, which is the case 
for compositions lietween ai and ba. If the alloy has an aluminum con¬ 
tent greater than ba, the eutectoid tends to assume a finely laminated 
structure similar to pearlite in steel. Fig. 8 shows the structure of an 
aluminum bronze, in which the light areas of free a are mixed with the 
dark a-|-5 eutectoid. 
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(b) Relation between Mechanical Properties and Constitution .—The a 
constituent is strong, ductile, and relatively soft. The tensile strength of 
the a solid solution shows a continuous increase as the aluminum content 

increases from 0 to 9 per cent. The 
ductility shows a maximum value at 
7 per cent aluminum, above which 
tVie ductility drops off. 

The 5 constituent is hard and brit¬ 
tle. Its preseinie t:auses a continuous 
det;rease in ductility and increases 
the brittleness. Its presence in small 
quantities causes an increase in tensile 
strength. At 10 per cent aluminum, 
the tensile strength has its maximum 
value, and drops off quite rapidly wIkui 
this aluminum content is exceeded. 

(c) Mechanical Treatment .—Alloys 
c.oinposed (Uitirtdy of a solid solution 
may be worked lyither hot oj- cold. 
The presence of the 5 constituent in 
appr(H*iable ipiantities makes the al¬ 
loys brittle, th(M-efore alloys i*ontain- 
ing over 9 per* cent aluminum cannot 
\w worked cold. However, alloys 
(;orit Mining 9 U) 12 per cent aluminum may be hot worked between 506° and 
1040° ('. Ileiiting above 560° C. converts the S eutectoiil into 
jS, whicli may he worked hot. 

{(1) IIcat 75’f;ri/;//7c/iY-. ""rhe lietcj ogeneous stmeti’re of cast tdloys con¬ 
taining 91 to 100 p('r iTiit copper may be destioyed by annealing, or l)y 
mechanical work combined with annealijig. Inspection of the constitu- 
tif)ii diagram will ttvll at once if it is ])ossible to alter the constitution, and 
hence the mechanical ])iop('rties, of an alloy by i|uenching. The constitu¬ 
tion o! alloys bi'twi'en A and a in eonq)osition, 0 to 7 per cent aluminum, 
is unaflected by (luenchiMg. If alloys betweam a and 7 to 9 per cent 
aluminum, are heatcal wit hin t he field ami quenched, the (5 constituent 
will be retained due to i\\c rapid rate of cooling. When alloys between 
ai and ki in composition are heated above 566° C., the q:-|- 5 eutectoid 
is converted into If the alloy is then quenclied, the 0 constituent is 
retained due to the ra})iil cooling rate. The quantity of present in a 
quenched alloy depends upon the composition of the alloy and also upon the 
quenching temperature eiuphjyed. For example, an alloy containing 12 
per cent aluruinum when q\ienched from above 566° C. may consist of 
Of and Pj or entirely of /I, depending upon the qvienching temperature 



Fig. 8.—Aluminium Bronze Contain¬ 
ing ApprnxiinaI.ely !)1 Ber cent Cop- 
])er anrl 0 Per l•['nt Aluminum. 
Dark areas of a-h5 eutecioirl sur¬ 
rounded Oy light £ 1 !. Kjehed with 
acid ferric f^ldoride. Magnifica¬ 
tion - 7r)[l. 
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employed. The j9 constituent in quenched alloys often exhibits a striated 
appearance, similar to martensite in steel. This seems to indicate partial 
decomposition of the 0 in spite of the quenching. The retention of the p 
constituent in a tiuenched alloy increases the tensile strength and elastic 
limit. l)ut. decreases the ductility and impact resistance. 

898. Aluminum-Rich Alloys of Alu min um and Copper.—The aluininuiii- 
rit‘h alloys of tlu^ copper-aliiminum alloy scries arc useful Ijecause of their 
lightness, which is combini‘d with a good degree of stn ngth and ductility. 
These idloys find their most important application in tlie automobile 
industI’v. The light alloys of copper and aluminum which are of commer¬ 
cial importance usually do not contain over 12 per cent copjier. 

When alloys V)etweeii G and H in eomposition are cooled from t empera¬ 
tures within tlie liquid field, r] solid solution will start to dc))osit at tem])era- 
tures indicated by line G //. If the cuinpositioii is bid ween // aiul iS’, and the 
rate of ('onliiig is slow (‘uough so that equilibrium is at all timesmainl ained, 
the alloys will l)e completely solid at tcanperatures indicated hy lint' //.s, 
and will then consist of honiogciuams ri solid solution. If the composition 
is betwetm (r and s, t] solid solution will separate' as iiii; allo.y cools betwei'ii 
GH and the horizontal GV at 5^5° V. At this temperature, the alloy 
consists of rj of composition .s*, ami liquid of com])o.sition G. 'Phe litpiiil 
solidifies at- constant temperature to form an intimate mixture of (aiAl^ 
and 7). Such an intimate' mixture of two phases re'sulting from the solielifi- 
eaitioii of a lirpiid is known as a eute'edie*. 

Tiight alumimmi casting a.lle)ys usually contain 5 to 12 ]){)v cemt ce)p])e‘r. 
When e'xaniined undi'r the inierosco])e, the'y are^ sru'n te> consist e)f rj soliel 
solution mixeul with the eaiteedic. The tj e:)nstitueiit may lie soinewliat 
heterogerie'uus due to the* fact that tlui metal was cast , and cooled ratherr 
rapitlly. Howi'vt'r, the hel(‘reige'iieity is not very pronounci'd. 

The line ,s‘.si sle)]a*s to the' light, indicating that the' solubility of CuAl 2 
in aluminum elen'i’i'ases a.s tin* te'iiijieratuj’e drops. At the eutectie tempera¬ 
ture, 545'' C., tlu' 7] solid solution can hold approximately 4 yier cent 
coi)i)e'r in solution, while at 800° C., the tj seiliei solution can elissolve 
only 1 per ce'iit coppi^r. It is this decrease; in soluliility that makes possilile 
the heat tre'atment of iliiraluniin, which Ls diseaisse*d bf'low. 

The 7} soliel solution has proiie^rtie's similar to aluminum. It is malleable 
anel eluctile, and not much heavier than aluminum. The pre;sence of the 
compound CuAl 2 eaiuses an increase in hardness, but a decrease in duedility. 
The additiein of ce)pper to aluminum causes a C()ntinue)us ine;rease in the 
tensile strenigth of sand cast alloys, to approximately 14 per cent eoppt^r. 
At the same time, the ductility decreases continuoasly, till at 14 per cent 
copper the elongation is nearly zero. The mechanical properties of east¬ 
ings are affected to quite a marked degree by the cooling rate. The more 
rapid the cooling rate, the finer will be the structure as shown by micro- 
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scopic examination. The finer structure is accompanied by increased 
tensile strength and ductility. Therefore, chill castings are superior to 
sand castings, and castings of small cross-section have better mechanical 
properties than those of greater cross-section. 

Duralumin (Art. 803) is usually used when the finished object is to be 
worked to shape rather than cast. It may be worked to shape either hot 
or cold, but is usuaUy worked while hot. Duralumin is remarkable because 
of the great improvement in mechanical properties which can be obtained 
by suitable heat treatment, and the peculiar manner in which this improve¬ 
ment takes place. If duralumin is heated to 500C. and water 
quenched, the mechanical properties are about the same as if the alloy had 
been slowly cooled. However, on standing at ordinary temperatures, the 
hardness and tensile strength will start to increase, and after several days 
will reach maximum values considerably above those of annealed duralumin 
of the same composition. 

Annealed duralumin will show particles of CuAl 2 imbedded in 17 solid 
solution. Some FeAla will be present, since iron is always present in the 
commercial aluminum which is used in making duralumin. The (pienched 
duralumin shows less CuAl 2 than does the annealed metal, since on heating 
to the quenching temperature, some or all of the CuAIl* dissolves. The 
FeAla does not dissolve on heating to the qiieiudiing temperature. No 
change in the microstructure of duralumin can l)e detected on aging after 
quenching. 

099. Copper-Nickel Alloys.—Copper and nickel arc soluble in one 
another in all proportions, both in the liquid and solid states. The con¬ 
stitution diagram for this series of alloys is therefore similar to Fig. 8 , Art. 
632. The curves giving the temperatures of initial and final solidifi( 5 ation 
for these alloys rise continuously from the melting point of copper, 1083 
C., to the melting point of nickel, 1452° C. In this alloy series, 
the only transformation after solidification is a magnetic transformation, 
which is not accompanied by a change in microstructure. 

The copper-nickel alloys as cast have a heterogeneous structure, but 
may be rendered lu)mogeneous by a prolonged anneal, or by mechanical 
work combimMl with annealing. The effect produced by cold working 
followed by annealing is very similar to the effect produceil upon a brass 
when subjected to a similar treatment. The cold working distorts tht' 
crystals, and annealing causes recrystallization of the strained metal, with 
pronounced twinning. 

Quenching has no effect upon the constitution of copper-nickel alloys. 
The non-inagnetic state cannot be retained by quenching from above the 
magnetic transformation temperature. 

Nickel silver (Nickelene or Gennan Silver) is a copper-nickel alloy 
carrying considerable zinc. The composition is variable, but is usually 
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within the following limits; * copper, 52 to 80 per cent; nickel, 10 to 
35 per cent ; zinc, 5 to 30 per cent. Alloys within this range of composi¬ 
tion form solid solutions. The cast alloys exliibit the usual dendritic 
structure, which miiy be effaced by 
annealinp, or by cold working followed 
by annealing. 

Monel metal (Art. 791) is used to 
a considerable extent in making cast¬ 
ings, and in this, condition has a iion- 
homogeneous structure. Monel metal 
is .ilso rolled into various shapes, either 
hot or cold. If rolled cold, the metal 
must l>e annealed several times in the 
process of reduction to the desired 
shape. The finished material in the 
annealed static is perl'ectly homoge¬ 
neous, as shown in Fig. 9. Tlie small 
oxide inclusions are (?haracteristi(; of 
the rnicrostructurc of Monel metal. 

900. Aluminum - Zinc Alloys-f — 

Aluminum-zinc alloys containing from 
0 to 40 per cent zinc form homoge¬ 
neous solid solutions. 8ince the alloys of commercial importance fall within 
this range of compo.sition and hence are solid solution alloys, it is not 
necessary to give the constitution diagram for this series. These alloys 
when cast have the usual dendritic structure, which may be effaced by 
annealing or by mechanical work followcfl by annealing. Alloys contain¬ 
ing up to 25 per cent zinc may be rolled hot, while alloys containing up 
to 15 per cent zinc may be rolled cold. However, the aluminum-zinc alloys 
are used mostly in the manufacture of light castings. An aluminum-zinc 
alloy containing 15 per cent zinc, 3 per cent copper, and 82 per cent 
aluminum is used for a light casting alloy to a great extent in Great 
Britain, in preference to the ordinary light aluminum-copper alloys which 
are used so extensively in this country. 


^lu. 9.—Roll-id Monel Metal after 
Annealing. Sliows hoinogeneoua 
sulirl solutioii with twinning. 
Etched with acid ferric r-hloride. 
Magnifieation = 75d 


* Bur. Stan. Circ. No. lOO. 

t Rosenhain and Aruhbutt, Froc. Imt, Afec/i. Eiig.^ 1912, p. 319; Bur. Stan. Circ. 
No. 76. 
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METALS FOR LIGHT-WEIGHT CONSTRUCTION 

901. Properties Desired in Metals for Light-weight Constructions.— 

The modern advances in the use of light-weight construction in aircraft 
arc gradually spreading to other methods of transportation and into otlier 
constructions. Automobiles are being gradually lightened and consider¬ 
able nuluctions in weight have recently been made in trucks, buses, (iiid 
in railway rolling stock. Buckets for excavation purposes, bof)ms on 
derricks, floors for long-span bridges, engine pistons, housings, crankcases, 
and cylinder heads are other examples in the design of which attention has 
been sharply focused upon the desiralulity of reducing dead weight. 

In estimating tlie usefulness of a material for light-weight construction 
the essential properties are a high ratio of elastic strength to w^eight, gr)od 
.stiffness, a proper degree of toughness, and low cost. If subjected to a 
range of temperature, the coefficient of expansion, the creep ciiaiactcristics, 
the strength at elevated temperatures, and the thermal conductivity may 
be very significant qualities. Hardening capacity and the ability to retain 
hardness when subjected to attrition at high tcinperatiires are soundiines 
necessary properties. Mach inability, behavior under various types of 
formijig operations, and weldability are other important considerations. 

Some of the more valuable alloy steels, alloys, and cast irons which are 
used in high-strength constructions have been mentioned in Chapters 
XXIII to XXVIII. Herein the major properties of certain of the newer 
steels and alloys which fiiitl application in light-weight construction will 
be described. For a more extended discu.ssiDn of the sid)jecf, the reader is 
referred to Nerufre Characteristics of the Light Metals and Their Alloys in 
Kept, of Com. B-T, Troc. A.S.T.M.j 1934; Symposium on High-stnmgth 
Constructional Metals, published by the A.S.T.M. in 1936; also a stories of 
papers in Proc. A.S.C.E., Vol. 62, Oct. 1936. 

902. Low-alloy, High-yield-strength Steels.* —Since 1929 approxi¬ 
mately a score of proprietary steels have been developed which have 

* 8t*e ulso piippr by W. L. Collins mid T. J. Dolan, Proc. A.S.T.M., Vol. 38, Pt. 2. 
p. 157. 
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yield [K)ints m excess of 50,000 lb./in>’ These steels are also characterized 
by good ductility^ toughness, aiitl high endurance lii: lit values. Tliey Jiavo 
been recommended and used to an increasing extent for railway cars, 
engine frames, truck bodies, trailers, sliips, bridges, jiressure vessels, and 
oil-well casings. Must of thcvse steels contain copjier with additions of 
chromium or nickel. Since these low-alloy steels contain eitlier copper 
and nickel or cupper and chromium, they are much more resistant to 
atmospheric corrosion than cariion steels of comjiaralile strengths, but 
not so resistant as the stainless steels or special alloys. A brief lY^sumi'' of 
the physical properties of four steels of this group, Cromansil, C'orten, 
\ uluy, and Hi-steel, follow’s. The moihdi of elasticity valui s of these 
steels are between 29,000,000 and 30,000,000 Ib./in.-’ 

dlie Chomansil steels, in addition to the usual elements, coidain 
chromium, 0.4 to O.ti, manganese, 1 to 1.4, silicon, (hO to 0.9 per cent, and 
carbon, 0.1 to 0.5 per cent in accordance with the properties (h sired. 
These steels when inaile with low-carbon contents ar(‘ reported to be 
readily welded. Their tensile yield points vary beiwaHMi 45,000 and 
90,000 Ib./in.^ wdth ultimate strengths of 75,000 to 140,000 11)./in.^, 
depending upon the thickness of the part and its comjiosition. 

Corteii steels are low in carbon aiul carry silicon, 0.5 to 1.0, phosphorus, 
0.1 to 0.2, copper, 0.3 to 0.5, and chromium, 0.5 to 1.5 pr*r cent. As rolled, 
these steels exhiliit tensile yield points of 50,t)00 to 00,000 and ultimate 
strengths of tin,000 to 75,000 lb./in.- Tliey are su[)(a*ior in ductility, 
toughness, and in resistance to corrosion to carbon sterds of like yield 
points. The endurance limit is high, approximating 0.7 of tlie tensile 
strength. The steels are w'cldable and can be formed into shape either 
hot or cold. 

Yoloy steels contain tlie elements presemt in steels of less than 0.25 per 
cent carbon plus nickel, 1.8 to 2.0, ami copper, 0.9 to 1.2 per cent. These 
steels, as hot rolled, have tensile yield points of 50,000 to 70,000 Ib./in.^’ 
and tensile strengths of 70,000 to 98,000 Ib./in.^', deperniing on carbon 
content and thickness of piece. They are more ductile, tougher, more 
resistant to corrosion, and have better cold-forming properties than 
carbon steels of comparable strengths. Yoloy steels are said to lie readily 
wielded and have forging and hot-working propertie.s similar to those of 
structural steel. The tenacity and yield point values for these steels can 
be raised considerably by heating at 900 to 950° F. for 4 to 5 hr., and 
excellent properties are obtainal)le by quenching and tempering. 

Hi-steel is of low-carbon-steel composition with additions of copper, 
0.9 to 1.2, nickel, 0.45 to 0.65, and phosphorus, 0.1 to 0.15 per cent. This 
steel, as rolled, has a tensile yield point of 56,000 to 69,000 lb./in." and a 
tenacity of 70,000 to 78,000 lb./in.-, depending on thickness. Its endur¬ 
ance limit ill reversed bending is about 0.7. In ductility, toughness, and 
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resistance to corrosion it is superior to carbon steel of like yield point. 
Hi-steel is said to be easier to fabricate than carbon steel because of its 
high elastic ratio. It is also reported to be easily welded. 

903. Corrosion-resisting Steels.*—At the outset it should be appre¬ 
ciated that there is no “ noble ” high-strength steel now known which is 
immune to all types of corrosion. Of the steels highly resistant to aggres¬ 
sive corrosive attacks, those alloyed with chromium and with chromium 
and nickel are the most resistant (see also Art. 731). Of these steels, the 
austenitic alloys are the most highly resistant to corrosion. They contain 
17 per cent or more of chromium, half as much nickel, and small per¬ 
centages of carbon, which, of course, must be in solid solution in the iron. 
The presence of carbides of iron, though forming the basis for effective 
hardening and tempering treatments, adds little to the chemical stability 
of the steel. Unfortunately solubility of carbon in the high-chromium 
alloys is limited to small amounts, usually less than 0.12 to 0.15 per cent. 
Hence the most resistant alloy steels cannot be strengthened by heat 
treatment, but their tenacity ma}" be raised by cold work. These steels 
are made in electric furnaces. Their use has been steadily increasing 
during the past decade, and over 100,000 tons of corrosion-resistant steels 
are now l)eing produced annually in this country. 

Since there is a wide range in the severity of attack in different types 
of service, and since the high-alloy steels are expensive, many grades of 
these steels are manufactured, each for certain uses. Thus the A.S.T.M. 
specifies a 4 to 6 per cent chromium steel with low-carbon content and with 
or witliout 0.45 to 0.65 per cent of molybdenum or 0.75 to 1.25 per cent of 
tungsten for making coils for oil stills. Such steels have given satisfactory 
service in stills operating up to pressures of 1000 ll)./iii.“ and with effluent 
temperatures up to 930° F. These steels, when annealed, have tensile 
strengths of 65,000 ll)./in.“ with yield points between 25,000 and 30,000 
Ib./in.^ and elongations of 30 per cent, or more, in 2 in. 

For coal screens, pump rods, valve seats and stems, rods and hangers 
for gates for dams, steels of low-carbon content with chromium running 
from 12 to 15 per cent and small amounts of molybdenum or nickel have 
been used. In annealed state these steels are about 10 per cent stronger 
and 15 per cent less ductile than steel used for oil stills. The strength of 
these martensitic steels may be nearly doubled by cold rolling or more than 
doubled by heat treatment. Such steels will retain their tensile properties 
at temperatures up to 750° F. and are much stronger than carbon steels at 
temperatures up to 1200° F. They also have higli creep resistance. 
At 1000° F. a stress of 13,000 lb./in.- would be required to cause a creep 


• For ft morE ExtETidEfl trEiitinEiit of this subjEct, rofor to an Exmllont priper Corrosi-nn- 
rr,sisling Steels by K. K. Thviin, in 8yinposiiiiii on Hifjrh Stren^^th Constniclioniil Metals, 
published by A.S.T.M. in 1936, from which much of the data Iiefe given were obtained. 
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of 1 per cent in 10,000 hr. Such steels can l>e welded but the weld should 
be annealed immediately to prevent air hardening. 

Material suitable for turbine blades can be made from heat-treated 
steels of carefully controlled comi)ositiou with 11.5 to 13.0 per cent 
chromium and not over 0.12 per cent carbon. Tests by N. L. Mochel 
show that such steels when nuenched from 1750” F. exhibit nearly constant 
strengths of 170,000 to 180,000 lli./in.- for drawing tempc^ratures less than 
900° r., with Johnson’s apijareiiL elastic limits approximating 100,000 
lb./in.“, and elongations of 15 to 18 per cent. Brinell hardness ranges 
from 420 to 370 as the drawing temperatures increase U}) to 900° F. The 
endurance limit in reversed lieiuling is about half the tensile strength. 

The most important high-strength, corrosion-resistant stCA*! is the 
austenitic, so-callcil IS 8, which usually carries 18 to 20 per cent of 
chromium, 8 to 10 per cent of nicked, with silicon under 0.75 per cent, and 
carbon not above 0.12 per cent. Although exjjensive, the facts th:it it is 
stainless when exposed to tlomestic uses, iiuliistrial, seashore, and rural 
atmospheres, is liiglily resistant to corrosive acids, anti is nf)ii-scaling in 
most furnace atmosplieres at temperatures up to 1L)G0° F. have led to an 
ever-increasing application of tins very valuable steel. Theses steels must 
be cotded rapidly after jjroloiigetl heating at high tempi;ratures to avoid 
carbide separation. They are non-magnetic, and after annealing exhibit 
ten.sile strengths tjf 80,000 85,000 lln/in.^ with proportional limits of only 
20,000-25,000 ]l)./in.“ The jierctaitage elongation in 2 in. is aliout 70 per 
cent and the Brinell hardness 145 to IGO. The toughness is unusually 
high at all tem])eratui’(\s down to —400° F. Wlien hard drawn, the 
tensile strength can lie raised alitjvo 200,000 ll)./iii.“ with accom[)anying 
reduction in td()ngMtii)n to 5 or 10 \m‘ cent. Although the pro[)ortional 
limit of 18-8 is low, it ha.s excellent creep resistance, requiring a stress of 
17,000 lb./ill.- to produce a creep of 1 jier cent in 10,000 hr. at 1000° F. 
Creep characteristics of several high alloy steels are shown in I'ig. 1. 

Since tlie 18 8 steels are close to the martensitic boundary, they pre¬ 
cipitate carbides to the grain boundahe.s when subjected to prolonged 
heating at temperatures above. 800° F. Such action produces suscepti¬ 
bility to intergranular corrosion. Preventive measures consist in increas¬ 
ing the chromium nickel content, or lowering the carVion, or in introducing 
either titanium or coluinliium to retain the carbon in the iron. 

With low-carbon content, 18 8 steel can be welded. It is very diffi¬ 
cult to rnachinij unless alloyed with selenium or phosphorus. Tliese steels 
have a thermal expansion coefficient aliout 45 per cent greater than carbon 
steels, a condition which must be allowed for when the two types are united 
in parts subjected to high temperatures. The 18-8 steels are said not to 
l>e highly resistant to certain types of stagnant chloride solutions or to 
sulphur-laden gases at high temperatures. 
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In addition to applications for utensils and equipment where stresses 
are low, the 18-8 steels in thin sections have been used for passenger 
car bodies, airplane parts, in high temperature equipment as in super- 



Fh 3. 1.—CrRpp CViaractnri.slii’.s of High Alloy SiiM*ls sis Dftc'rmiiK'd sit IVlnsHiujhiiseits 
Insstiiiiis^ of ''J’lThnology. (I'^roin jisipor iiy K. E. I'hum in A.S.T.M. Symposium on 
High Strength (Constructional MelalSj IDiiO.) 

ApproximiilR runipfisitioiLs sue; 

i;{ Iinr mill ('I . (I. i r'r C. 13% Cr IH S.0.05% C, 17.0% Cr, S.7% Ni 

IS PIT I'Piit Cr. O.lic:;, C, 17.0% Cr 25 20 Si.0.12% C, 25.0':;. Cr, 20',:;, Ni 

27 pnr perih i r . 0.2(1%, 27.0%, Cr 27 22. ' 0.00%, C, 27.5'% Cr, 22.5% Ni 

20 7 Si W. 0.43'% C, 20.0'% (>, 7.0'%, Ni, 1.4'%, Si. 0.0'%, W 

j)Ower plants, and in oil cracking. This material has also lieen used to 
surface the less expensive carbon steels in pressure vessels sulijected to 
corrosion, also in ducts subjecterl to sewer gases. 

904. Copper Alloys of High Strength.—Properties of many of the older 
high-strength alloys of copper are given in Ch. XXVI. In addition, 
attention is here called to copper-silicon alloys and the heat-hardenable 
alloys of copper. 

Copper-silicon alloys usually carry about 95 per cent copper, 2 or 3 per 
cent silicon, and smaller amounts of manganesi?. These alloys have the 
corrosion resistance of copper 'out much less electrical conductivity. In 
the annealed condition they possess the tenacity and ductility of soft steel. 
If hard drawn, strengtiis of 100,000 to 140,000 lb./in.- are obtainable but 
with material sacrifice of ductility. The modulus of elasticity is about 
15,000,000 lb./in.- These alloys can be readily worked, either hot or 
cold, and are easily welded. Copper-silicon alloys find applications in 
building construction, air-conditioning equipment, and in hardware. 

Of the heat-hardenable copper alloys, those of beryllium possess excep- 
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tional strengths and good resistance to atinosplieric corrosion. The 
alloys containing 1.4 to 2.5 per cent beryllium, with or without small 
additions of nickel, can be materially strengthened and hardened by rolling 
and then heating fur two hours or more at temperatures between 250 and 
325° C. In the annealed condition these Lilloys are ductile and have 
tenacities of 50,000 to 70,000 Ib./in.^ Heat treated, the tensile strengths 
of these alloys can be raiscnl to 150,000 or 200,000 lb./in.- The propor¬ 
tional limits approximate 50 per cent of the tensile strengtlis. The 
endura!ice limit is reported to be between 30,000 anil 40,000 Ib./in.- 
This alloy has found applications in the landing gear of airplanes and in 
electrical devices. hen price reduction can be alTected, it rdiould have 
a much eidarged field of usii. 

Alloys of copper containing 7 per cent of nickel and a V\kv. amount of 
tin and those containing 5 per cent of nickel, 5 ptu' cent of ahiinimim, and 
about 1 per cent of silicon al.so respond U) heat treatment and exhibit high 
strengths. The Cf)j)per-nickel-aluminum-silicon alloy alsf) possesses good 
toughness, harilness, and resistance to wear. 

(a)pj)er-chroiiiiimi alloys containing low j)ercei.tages of chromium are 
heat hardenal)l(; at temperatures of 5tH) to 550° C. Wlien so treatetl, 
( II. Davis * rep(jrted that they have tenaciti(‘s of 8(),(H)l) 11)./in.-, rtda- 
tively high cf)mhictivities, and retain their pro})erti(‘s at temperatures 
])elow lh(‘ treat ing range. 

906. Structural Aluminum Alloys. — Altliough the tensile strength of 
the strongt'st wrought aluminum alloy is only 70,000 lb./in.-, these', alloys 
deserve consideration lierein because of tlndr liigli strenglh-weight ratios. 
In contrast to the weight of steel of 4!)0 II)./ft,.'*, the structural alloys of 
aluminum weigh only 175 ll)./ft. ^ or apj)n)ximately a tenll) of a pound per 
cubic inch. The modulus of elasticity is low anil fairly constant at 
10,300,000 ll)./in.“ The coefficient of thermal expansion is high, about 
0.000012 per °T. according to manufacturers’ rei)ort, or nearly twice the 
coefficient of steel. The alloys possess good resistance to atinos|)heric 
corrosion but require protection when expos(Ml to aggressive mine waters 
or industrial liquids. 

Duralumin, the most important of the structural alloys, contains 
aluminum over 92 iier cent, co[)per 3.5 to 4.5, magnesium 0.2 to 0.75, and 
manganese 0.4 to 1.0 per cent. In the rnamifactnre of durahimin parts, 
plates, sheets, structural shapes, and bars are rolled; tubes are drawn; 
thick members forgerl; and a large mind)cr of miscellan(M)US shapes are 
extruded or pressiai into shape. Aluminum alloys for sand castings, 
I>ermanent mold castings, ami die castings are also made with suitable 
additions of silicon or silicon and copper. Compositions and physical 
properties of some of the stronger aluminum alloys are given in Tables 1 

*A8.T.M. Symposiuin, lUSti; al.so see M. G. Cor.son in Iron Age^ October, 1938 
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and 2. These data are taken from the paper by E. H. Dix and J. J. 
Bowman in the A.S.T.M, Symposium on High-Strength Constructional 
Metals J 1936. Also see the Structural Aluminum Handbook j by the 
Aluminum Company of America. 

The hardness and strength of the aluminum alloys containing copper 
or magnesium silicide can be materially increased by heating parts at 
temperatures in the vicinity of 950° F., quenching, and aging. For the 
alloys 17S, Table 1, aging is done at room temperature, whereas alloys 
14S and 27S are aged at approximately 300° F. Sometimes quenching 
causes distortion of preformed parts which is removed by suitable rolling 
or stretching. The significance of the temper letters and figures appended 
in alloy designations is indicated in the footnote of Table 2. If an alloy 
is susceptible of further treatment after quenching by heating at tempera¬ 
tures above normal, the condition following quenching is indicated by 
appending a '' W ” to the designation. Cold fomiing of such alloys can be 
done at the intermediate W-stage, and aging may then be done at proper 
temperature to improve the strength. Age hardening in 17S is retarded 
at temperatures of 20° F. and is nearly complete in 24 hours at 70° F., 
although a period of 4 days is usually allowed for completion of the aging 
effect on this alloy. Allowance for such behavior must be made in riveting 
this material. 

Welding reduces the strength and hardness of duralumin parts in the 
vicinity of the weld. Sometimes this weakening effect can be offset by 
subsequent heat treatment. 

As in steel, cold work, within limits, raises the strength of the wrought 
alloys but reduces the ductility and tends to reduce resistance to cor¬ 
rosion, 

Protection of thin slieets severely exposed to corrosion is sometimes 
accomplished by coating with a thin layer of pure aluminum (as in the 
Alclad alloys), by producing through electro-chemical method an oxide 
coating, or by painting. 

Of the alloys whose properties are shown in Tables 1 and 2, 17S-T has 
been the most widely used in sheet, plate, wire, rods, shapes, tubing, and 
forgings. It has been considerably used in truck and bus bodies and in 
railroad and street car construction. Large quantities of 17S-T, or the 
Alclad variety, have also been used in aircraft construction, but the 
stronger alloy 24S-T appears to be superseding alloy 17S-T in that field. 
Alloy 27S-T, with its high-yield strength and good resistance to corrosion, 
finds applications in rolled structural shapes for bridges, dragline buckets 
and truck bodies. Though not readily formed cold, alloy 27S’T can be 
hot worked at 400° F. for a short period without detrimental effects. 
Alloy 14-S, susceptible of age hardening at normal temperatures and of 
further improvement by aging at higher temperatures, is the strongest of 
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Table l—nominal compositions of high-strength aluminum 


ALLOYS. (Dix AND Bowma:;) 


AUoy 

No. 

How 

Made 

H eat- 
tre.atable 

Allovinu Element i.v 1*eii Cent 

Copper 

Siliron 

Miingane.^e 

Mugn esiuni 

Chromium 

52S 

Wrought 

No 




2 50 

0 25 

US 

« i 


4.4 

0.8 

0.75 

0.35 


17S 

(/ 


4.0 


0 5 

0.5 


24S 

(( 

i' f 

4 2 


0.5 

15 


27S 


i i 

4.5 

OS 

0.8 



195 

Cfi.st 

i { 

4.0 





220 


1 .1 




10 0 


3oG 




7 0 

_! 

1 

0 3 



TABLE 2.~TYI’ICAL MECHANICAL PROPERTIES OF ALI’MINIJM ALLOYS. 

(Dix A.\i> Bowman) 


Alloy 

and 

Temper * 

How 

Made 

Heat- 

treat¬ 

able 

Teiiaile 
Strength, 
Ib. in.* 

Yield 

Strength,! 
lb in.* 

I'diMigHtiun 
ill 2 in.. 
Per ennt J 

lirinell 

llurdnesH 

Ni». 

Sh ear 
Strength, 
Ib. ill.2 

Eiidurnncr. 

Limit, 
lb. in.2 5 

52S-0 

Wrought 

No 

21>,l)(J0 

14,000 

25 

45 

18,000 

17,000 

52S-^H 


“ 

a'17,f)m) 

20,000 

10 

67 

21,000 

19,000 

fi2S-H 

** 


41,U()0 

36,000 

7 

85 

24,000 

20,500 

14S-T 

Forged 

Yea 

08,000 

53,000 

12 

130 

45,000 


17S-0 

Wrought 

Yea 

20,000 

10,000 

20 

45 

18,000 

11,OIK) 

17S~T 

' * 


5.s,fmo 

35,000 

20 

101) 

35,000 

15,000 

24aS-0 

Wrought 

Yea 

20,000 

10,000 

20 

42 

18,000 


24S-T 

“ 


65,000 

43,000 

20 

105 

•10,000 

14,000 

27S~T 

Wrought 

Yea 

60,000 

50,0fX) 

9 

115 

.37,000 

13,000^ 

195-T4 

Cast 

Yes 

31,000 

16,000 

8 

05 

28,000 

6.1H)0 

195-To 

** 

** 

36,000 

22,000 

4 

80 

30.000 

6,500 

220-T4 

Cast 

y es 

44,000 

2.5,000 

13 

75 

33,500 

7, OIK) 

3a56-T6 

Cast 

Yes 

32,000 

22,000 

4 

70 

23,fK)0 

8,01)1) 


* 0 sicnificB fully annealBil; - 2 H and H Indicate deiiree uf culd rnllina; T eigniliCH full heat-treated 
temper; T4 repreBonta solution heat-treated or as quenched condition, 
t Baaed on a permanent set of 0.2 per cent. 

X Values for wrought material are lor A-in. sheets; 0.50i>-in. diain. specimens used for other material. 
Based on 500,000,000 cycles of reversed bending in an K. 11. Moore machine. 

the alloye and is used for heavy forgings. Alloy 52S, not heat treatable, 
is used in sheets, plates, and rods where good resistance to corrosion and 
strength are required. For severe exposures, as in marine atmospheres, 
the aluminum-magnesium alloys are more resistant to corrosion than the 
aluminum-silicon, or aluminum-copper alloys. 











844 


METALS FOR LIGHT-WEIGHT CONSTRUCTION 


The strongest of the cast alloys of aluminum are 195 and 220. Alloy 
195 has been used for machine bases, crane trucks, and crane trolleys. 
Although 220 is stronger than 195 and superior for heavy-duty applications, 
it requires more care in casting. Alloy 356 is said to combine the good 
casting qualities of the silicon-aluminum alloys with the strength qualities 
of the heat-treatable alloys and is recommended for castings which must 
l)e tight under pressure. 

The two most potent handicaps to a more extensive use of these vahifible 
alloys are their low stiffness and high cost. The stiffness handicap can be 
eliminated in many cases by proper design. Per pound, structural shapes 
of 17S-T cost 10 or 12 times as much as similar parts in steel. 

906. Structural Magnesium Alloys. —Although less strong than the 
duralumin alloys, the alloys of magnesium with 12 per cent or less of 
aluminum liave a better strength-weight ratio thati the duralumins, owing 
to their extreme lightness. The magnesium alloys l)eing relatively soft 
are the easiest of the commercial metals to machine. These alloys weigh 
about 112 Ib./cu. ft., or two-thirds as much as the duralumins. Unfor¬ 
tunately the morlulus of elasticity is low, oidy 6,500,000 lb./in.-, and the 
alloys are not so ductile or tough as the duralumins. The coefficient of 
thermal expansion is 0.000016, or 2| times that of steel. Magnesium-base 
alloys have good resistance to inland atmospheres l)ut as a class are less 
resistant to saline waters or atmospheres tlian tlie duralumijis. When 
properly protectinl they can be used along tlie sea-coast. 

Data on compositions and mechanical propculies of live of the more 
important magnesium-ahiminum alloys apjjear in Table 3. The typical 
properties are from Dowmctal, the piiblication of The Dow Chemical 
Company,* which provides much additional information on these and on 
other alloys of this type. The compressive i^trength is roughly 50 per cent 
greater than the tensile strength. 

The magnesium alloys can be cast or wrought into shape in much the 
same way as the duralumins. Castings are improved in tenacity and 
ductility by heat treating at temperatures in the vicinity of 700° F. and 
cooling in air. The yield strength is raised by aging castings after treat¬ 
ment at temperalures near 350° F. However, aging reduces the ductility 
olitained after heat treatment as indicated for alloy 4 in Table 3. Forg¬ 
ings may also be aged to improve the yield strength of the forged metal. 
Plates and sheets can lie obtained in the as-rolled, annealed, or hard-rolled 
conditions. Properties of alloy 7, Table 3, illustrate the differences in the 
extreme conditions. Structural shapes, bars and tuliing are extruded 
in forming. 

Bars and tubing 6 in, or less in diameter, and angles, 1-beains and 
channels up to 5 or 7-in. sizes can be obtained. Plates |-in. or less in 

• Siie also A.S.T.M. Symposium of I93G for similar data. 
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tliicknpss may be had up to 48 in. in width and lengtly, or in 12-in. widtlis 
up to 16 ft. in length. Sheets as thin as 0.016 in. are available in widths 
ol 30 in. or less anrl in lengths up to 6 ft. Extruded shapes range in price 
from 50 to 80 cents a pound in one ton quantities. 

tabu: 3.—DAl'A OX IIIGH-Srui^NC.TH, MAGNESItTM-HASE AI.LOYS 


CoMI'DHITION 


A.S.T.M. 

Dow 

How 

AlIoyiiiK ElcliuMii.s 

in I’er ('loii Noniin;il Coiniioiii 1 ion 

Alloy 

( licniir.'il 
Co. No. 


A hi iiiinuni 

.MiiiiKiinfsi* 

luiii 

Zinc 

( npiHM 

loiiy. 

Silil-rO'l 

in:i V, 

OUuM- 

1 iii|Mii il 

4 

n 

1 Cn,«1 to- 
^ roiiKlil 

0.7 

1). 1 

:i 

1) ')o 

U. o 

1). 

14 j 

1* 

r (Miylil 

!l 11 111) 

0 1 

!) 1 .'i 

1) llo 

'1. .0 

11 .'J 

i 

10 


O s 7.2 

(1 lo 

11 .4 nia.v.i 

1) Do 

II .*1 

II ;i 

s 

.1 


7.2 

1). I.% 

(l.’J (I S 1 

0.1),-. 

1). o 

(1 :i 

1 

.\ 


2.M :co I 

11 211 

•2.0 ;i ^ 

o U.’i 


i).;i 


'rYJ'Ii Vi. MECIIANirAL eilOI’Enniih t I'HOM IhnrmrUil, 


No. 

11 (1 w 
Moilo 

('onililinii 
of .■\ljL>y 

’rerrsili' 

Si . Piiftl h, 
II). in.2 

Yiphl 
Strcjiirlli, 
lb., in.2 

FloilijM-- 

linn 

in 2 ill., 
I*i*r ('piil 

llriiipll 

Hardiips^ 

Nil. 

Slip.'ir 

Si rpiiKlIi, 
lb. in.'-i 

lOnil III fill rp 

1 .iinil, 
lb., ill.‘-i 

M 

( a,si 

As cu.sl 

27,111)0 

12,000 


r.o 

111,1)00 

10,001) 



ll(‘i\l-1 roohol 

MS,1)00 

12,0011 

1 1 

.al 

111,1100 

10,000 



H 1-1 1 . iinri uKcd 

.M.S,OI)0 

IS,000 


112 

IS,000 

10,1)1)0 

r 

1 ‘jisl 

111 -(r. ail il iritiMi 

Md.OOO 

22,000 

1 

77 

20,000 


n 

Fdl 

I’r f‘Ns-frir^Pil 

10,1 >00 

MO.OOO 


O.'i 


18..'i0l) 


J'’orKiMl 

[’. F. and af.p‘[l 

Ki.OOO 

.'M.iion 


s:i 


1H,.'>00 

K 

Kollnil 

Haul inllial 

lo.OOII 

31,000 

0 

70 





Aiioiailf'd 

.Mii.imi) 

20,14011 


ri7 



J 

rixlr'.ifli'tl 

A.s exIi uLic'il 

■JM.OOO 

30,000 

17 

-.4 

20.000 

17,000 

X 

KxLrinlerl 

.\s rxlnirlrdl 

■12,000 

30,000 

1!) 

r.i 

20,0110 

IH.OOIK 



l'].vlr. and a^ri’d 

1 

14,000 

.34,0011 

l.M 

.11 

21 ,oni( 

17,000 


* See .1 ..S’-r.l)(*s. USO MSI’, OUl MHT, 1007 for iiiiniiriiiiii .'^Ireimtli unil ilueliliiy kmihiio- 

nieiiLs for (hese anrl oilier alloys. 

t I’roperties clRterinined a.s inilipalLMl in foniiiote for Tabic 2. 


The magnesium alloys are welded with difficulty. Hence riveting is 
the preferred method of uniting parts. For such purpo.s(i.s aluminum 
rivets can be used if driven according to directions. 

Of the alloys shown in the Table .3, alloys 4 and 15 are the most resistant 
to salt-water attack. A manufacturer claims that an alloy of magnesium 
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with about 1.5 per cent of manganese, no aluminum, and less than 0.3 per 
cent of silicon makes a plate metal more resistant to salt water than any 
of the alloys listed in the table. 

The principal field of use for the magnesium-base alloys has been in 
aircraft construction, for wheels, housings, brackets, crankcases, and 
engine parts not subject to attrition. Sheets and extruded shapes have 
found use in the construction of trucks and buses. 



APPENDIX A 


STANDARD METHODS 
OF 

MAKING COMPRESSION TESTS OF CONCRETi] i 

A.S.T.M. Designation; C >39-33 

These methods are issued under the fixed designation C39; the final number 
indicates the year of original adoption as standard or, in th*. case of revision, the year 
of last revision, 

IsBtjED AS Tentative, 1921; Addicted, 1925; Revised, 1927, 1933. 

1. Scope .—These methods are intended to cover compression tests of concrete made 
in a laboratory where accurate control of quantities of rnMlerials and lest conditions is 
possible. They are designed to ajjply primarily to hand-mixed coiuTet.e compression 
specimens, but may be used with slight modification in making tests of concrete for 
wearing resistance, bond between concrete and steel, impenneability, etc. dho investi¬ 
gation of machine-mixed concrete will require certain ojjvious changes in the methods. 
For the method of making and storing compression test specimens of concrete made 
during the progress of construction work, see the Standard Methoil of Making and 
Storing Compression Test Specimens of Concrete in the Field (A.S.T.M.Designation: 
C 31) of the American Society for Testing MateriaLs.^ 

2. Sampling f or Preliminary Tei^ls .—Representative samples of all concrete materiala 
shall be secured for preliminary tests prior to the prop[»rtioning and mixing of the con¬ 
crete. Test samples of cement may be made up of a small quantity from each sack 
used in the concrete tests. Test samples of aggregates may be taken from larger lota 
by quartering. 

3. Preparation of Materiah. —Materials shall be brought to room temperature 
(18 to 24” C., 65 to 75 °F.) before beginning the tests. Cement shall be stored in a 
dry place; preferably in covered metal cans. The cement shall be thoroughly mixed 
in advance, in order that the sample may be uniform throughout the tests. It shall be 
sieved through a No. 16 (1190-micron) sieve and all lumps rejected. Aggregates shall 
be in a room-dry condition when used in concrete tests.* In general, aggregates should 
be separated on the No. 4 (4760-mi cron), J-in. and l|-in. sieves and recombined to the 
average original sieve analysis for each Vjatch. Fine aggregate should be separated into 
different sizes also, in cases where unusual gradings are being studied. 

1 Under the standardisation procedure of the Society, these methods are under the jurisdiction of 
the A.S.T.M. Committee C-9 on Concrete and Concrete Aggreirates. 

2 1938 Supplement to Book of A.S.T.M. Standards. 

* Aiithor'B Note: Soms prefer to use aaKrexates in saturated surface-dry condition. 
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4. Cement Teats. —Ct^ment shall be tested in accordance with Standard Methods of 
Sampling and Testing Portland Cement (A.S.T.M. Designation; C 77) of the American 
Society for Testing Materials.^ 

5. Fine Aggregate Teals. —Fine aggregates (passing through a No. 4 (4700-micron) 
sieve) shall be subjected, when required, to the following tests * of the American Society 
for Testing Materials: 

(а) Sieve analysis test made in accordance w’ith the Tentative Method of Test for 
Sieve Analysis of Fine and Coarse Aggregates (A.S.T.M. Designation; C 130).^ 

(б) Test for organic impurities made in accordance with the Standard Method of 
Test for Organic Impurities in Sands for Concrete (A.S.T.M. Designation: C 40)^ 

(c) Test for quantity of silt, clay, and dust made in accordance with the Standard 
Method of Test for Amount of Material Finer than No. 200 Sieve in Aggregates 
(A.S.T.M. Designation: C 117)* 

(ri) Test for unit weight made in accordimee with the Standard Method of Test for 
Unit Weight of Aggregate for Concrete (A.S.T.M. Designation: C2!I).^ 

(e) Strength t(^st of 1 : 3 mortar by weigVit at 7 and 28 Jays in comparison with 
standard saiitl mortar in accordance with Standard Methods of Sampling and Ti\sting 
Portland Cennjnt (A.S.T.M. Designation: C77).* 

6. Coarse Aggregate Teats. —Coarse aggregates (retained on a No. 4 (47G0-niicron) 
sieve) shall be subjectial when rerjuired to the following tests: * 

(a) Sieve analysis test as sjoadHed in Section 5 (a); 

(b) Test for quantity of silt, clay, and dust made in accordance with the Standard 
Method of Test for Amount of Material Finer than No. 200 Sieve in Aggregates 
(A.S.T.M. Designation: C 117) of the American Society for Testing Materials.* 

(c) Test for unit WEdght as specilietl in Sei>tion 5 (d). 

7. Unit Weight of Mixed Aggregate. —The unit weight of mixed fiiui and coarse 
aggregates as used in concret(i tests shall be determined in accordance with the method 
specified in Section 5 (d). 

8. Proportioning. —The quantities of each size of aggregate to be used in each Ijatch 
shall be determimul on the basis of the sieve analysis anil the unit weight of thi' mixed 
aggregates. The exact quantities of cement and of each size of aggregati' for each batch 
shall be determined l)y weight. The quantity of water for each batch shall be accu¬ 
rately measured. The quantities of matiTials may be expressed as (ft) 1 volume of 
cement to ... . volumes of total aggregate mixed as used, or (6) 1 volume of cement, .... 
volumes of fine aggregate, and .... volumes of coarse aggregate, or (c) 1 part by weight 
of cement .... parts by Aveight of fine aggregate, and .... parts by weight of coarse 
aggregate. 

Note.— It ia impracticable to give a Reiieral method for proportiouinc roiinrete for experimental 
purpoHPH; the detaili^ will neee.ssarily vary widely with the purpose for which the te.sl.s are made. The 
following piix'.pdure in HuRRested for specific ca.spB: 

(tj) Vary the eement eontent by lO-per-ceiit intErvftl.>^ above and bslow' as.'iiuiiied quantity. 

(b) Vary the propoitioiiH of fine to roarse aRgrpRate, measured separately, at intprval.s of II) per cent. 

(r) Vary the quaiitily of mixing w'ater by intervals of 10 per cent. 

9. Size and Shape of Specimens. —Compres.sion tests of concrete shall be made on 
cylinders of diameter equal to one-half the length. The standard shall be 6 by 12-in. 
cylinders where the coarse aggregate does not exceed 2-in. in size; for aggregates larger 

1 1037 Supplement to Book of A.S.T.M. Standards, p. 54. 

^ iVoppt Am. Sdl\ TeMiiig I^Iat^., Vol. 3S, Bart 1 (1938); also 1938 Book of A.S.T.M. Tenta¬ 

tive Standard^). 

3 1036 Book of A.S.T.M. Standards, Part II, p. S.'iO. 

* 1037 Supplement to Book of A.S.T.M. Standard.s, p. 99. 

6 1936 Bonk of A.S.T.M. Standards, Part II, p. 364. 

* Aiii/nir'ji A'ufe'. For apecitio gravity ieui methodB for aggregalea aee Dea. 128-36T and 127-36T. 
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than 2 in., 8 by 10-in. cylinders shall be used; 2 by 4-in. cylinders may be used for mix¬ 
tures without coarse apgrcKate. 

10. Mixing Concrete. —Concrete shall be mixed by Ininil in l)atrhe.s of such size iis to 
leave a small quantity of concrete after molding; a single lest, specimen.* The batch 
shall preferabl}' be mixed in a shallow metal pan with a U)-in. hrieklayer'.s trowel which 
has been blunted by cutting off about 2\ in. of the point, as follows: 

(a) The cement and fine aggregate shall be mixetl dry until the mixture is homogene¬ 
ous in color; 

(b) The coarse aggregate shall be added and mixed dry; 

(c) Sufficient water shall be added to jiroduce concrete of the required workability; 

Note. —Concrete teatfl .should be made on pliistir inixtiiret^. It in of the iiliTni.st, importance that a 
uniform degree of worke.bility be secured in tests involving cum]]arisun.s of difl"nrf?nl niateriuls and 
methods. 

(d) The mass shall be mixed thoroughly until the resulting concrete is homogeneous 
ill appearance. 

11. Workability. —The workability or plasticity of i-aeh batch of concrete shall be 
measured immediately after mixing by one of tlie following incthods: 

(a) Slump test made in accordance with the Teiitiitive Method of Ti‘st for Con¬ 
sistency of Portland-Comeiit Concrete (A.S.T.M. Designation; D 138-32 T) of the 
American Society for Te.sting Materials.^ 

(b) Flow test made by placing a metal mold in the sh'iTH^ of a frii.stuin of a cone 
Gf in. in top diameter, 10 in. in bottom diameter, 5 in. in depth, on the table of the 
flow apparatus.^ The fresh concrete shall be jilaced in the innlil in two layers. Jiaeh 
layer shall be rodded as described in Section 13. Iininediaiely after molding, the s\jrj)lus 
concrete shall be struck off with a trowel and the mold shidl ))e removed l)y a steaily 
upward pull; the table raised ^ in. and dropped 15 times in about 10 seconds )>y means 
of a suitable cam and crank. The spread of the fn-.sh concrete* due to tins treatment 
expressed as a percentage of the original bottom diannder of the c.ojie is the “How.” 

12. Molds. —The molds shall preferably be of metal, l^aeli mold shall be ])rovidf‘il 
with a machined metal base plate, and .shall be oikal with a Jieavy inineral oil before 
insiiig. Particular care shall be taken to obtain tight mohls so that the mixing water 
wall not escape during molding. 

Note. —The best type nf in old coiisiste of leneiha of oold-drawn .steel iuliiiiK, mdit aloiiK one elerriRnt 
and closed by means of a cirruiiiferentiul baiid and bolt, .SalisfiicLory molds ran be iiiiifle from leriEtha 
of Bteel water-pipe inachiiird on the in.side, from rolled metal plates, fruin galvanized steel, rnaebined 
iron or steel caetiiiKs. TaraffiiiL'd cardboard molds will give Kuod re.4ultB nndcr expert supervision. 

13. Molding Test /Speeijums. —I’he test specimens .shall be molded by placing the 
fresh concrete in the mold in three layer.s, each approximately one third the volume of 
the mold. In placing each scoupful of concrete, the settop .shall bt* moved arrnmti the 
top edge of the mold as the concrete slides from it in order to insure a symmetrical tlis- 
tribution of concrete within the mold. Each layer shall be rodded with 25 stroke.s of a 
|-in. rod 24 in. in length, bullet-pointed at the lower end. The stroki‘s shall be dis¬ 
tributed in a uniform manner over the cross-scction of the niohl and .shall penetrate into 
the underlying layer. The bottom layer shall be rodded throughout its depth. After 
the top layer has been rodded the surface of the concrete shall be stnick off with a trowel 

* Author’ll Note: For a series of identical specimens to be tested at different aRes the batch may be 
made largB eniiuKh for 3, T), nr 7 speciineiis if the mixing prucedurn i.s in .'tin tain ed uniform. 

1 PrucffJinE'i, Am. Soc. TestiiiK Mats., VdI. 32, Part 1, p. 77o also I'lSS Hook of A.8.T.M. 

Tentative Standards. 

* For a description and illustration of one desinn for a flow-table, sec Prncevflings^ Am. Son. Testiug 
Maid., Vol. XX, Part II, p. 242 (1920^; also Concrete^ p. ^274, June, 1020. 
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and covered with a glass plate at least J in. in thickness or with a machined metal plate, 
which may later be used in capping the test specimens. 

14. Capping Specimens. —Two to four hours after molding, the test specimens shall 
be capped with a thin layer of stiff neat-cement paste in order that the cylinder may 
present a smooth end for testing. The nap shall be formed by means of a piece of plate 
glass \ in. in thickness or a machined metal plate | in. in tliickncss and of a diameter 
2 or 3 in. larger than that of the mold. The plate shall be worked on the cement paste 
until the plate rests on top of the mtdd. The cement for capping should be mixed to a 
stiff paste 2 to 4 hours before it is to be used in order to avoid the tendency of the cap 
to shrink. Adhesion of the concrete to the top and bottom plates may be avoided by 
oiling the plates or by inserting a sheet of parallim^d paper. 

15. Curing Test Specimens. —Concrete test specimens shall be removed from the 
molds 20 to 48 hours after moliliiig, marked, weighed and stored in damp sand, under 
damp cloths or in a moist chaml)er until the date of test. The temperature of the curing 
room should not fall outside the range of 18 to 24 C. (65 to 75 F.) 

16. Age at Test. —Tests shall be made at the age of 7 and 28 days; ages of 3 months 
and 1 year are recommended, if longer-time tests are required. 

17. Sequence of Tests. —Three to live test sperimens should be made on different 
days in investigations in which accurate eomparisons are. desired. 

18. Preparaiion of Tests. —Coinju’essioii tests shall be made immediately upon 
removal of the concrete test specimens from the curing room; that is, the test speidmens 
shall be loaded in a damp condition. The hingth and average diameter of the test speci¬ 
men shall be measured in inches and hundredths; two diamiders shall be measured at 
right angles near the mid-length. The test s])eeimen shall be weighed immediately 
before testing. 

19. Method of Testing. —In general, only the ultimate compressive strength of the 
cylinders need bo obsi^rverl. The metal bi'aring plates of the testing machine shall be 
placed in contact with the ends of the ti'st specimen; cushioning inatt^ials shall not be 
used. An adjustaljlc bearing block shall l)c used to tnuisiiiit the load to the test speci¬ 
men. The bearing block shall be used on top of the specimen in vertical t esting machines. 
The diameter of the bearing block shall be the same or sliglitly larger tlian that of the 
test specimen. The u))per or lower section of the bearing Idock shall bi' kept in motion 
as the head of the testing machine is brought to a bearing on the test sj)(a‘iiiien. 

20. Application of Loud. —'riie load .shall be applied uiiifonnly and without shock. 
The moving head of the testing machine .should travel at the rate of about 0.05 in. per 
minute when the machine is runniiig ijlle.* 

21. Record of Tests. —The total load indicated by the testing machine at failure of 
the test specimen .shall be recortled and the unit comjjressive strength calculated in 
pounds per square inch, the area computed from tlie average disimeler of the cylinder 
being used. The type of failure and appearance of the concrete sh.all bi? noted. 

22. Weight of Concrelc. —The weight of the concrete in pounds per cubic foot shall 
be determined from the weight of the specimens and their dimensions. 

23. Demity and Yield. —Density and yield of concrete when required shall be calcu¬ 
lated from the unit volumes of the constituent materials and the voliune [jf the fresh or 
set concrete as de.sirerl. Deii.sity Ls here understood to be the ratio of solids in the con¬ 
crete to the total volume of the mass. Yield i.s the volume of concrete re.sulting from 
the volume of aggregate mixed as used. 

Report. —The report shall inrliule the following: 

(a) The kind and origin of concrete materials; 

* vli/f/itir’s To cxpeciitci tfstinK, a load of \ thp entimatpd iiltiinatE may be .applied at a rapid 

oontrollEii rate, then redueud to U.d.*! in./min., or for hydraulic machines to 2')U Ib./'iii.^/min., for 
final loading. 
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(b) Complete data on all tests of remeiit and aRgregates; 

(r) A description of inelhods of making and testing the enneretc, where methods 
deviate from the proix)sed standards; 

(d) The quantities of cement, aggregates and water in each t)at.ch; 

(t) The method of iiieasLiring workability or plasticity with ‘‘slump" or "flow" 
of eon Crete; 

(/) The quantity of water expressed :is a ratio to volume, of cement; 

(^) Till! age at test; 

(/i) The size of ti'st specimens; 

(i) The date of mnUling and testing each cylinder; 

(j) The coinpressivi' strength in iiounds per square in eh of each teat specimen and 
the average of tests in a set ; 

(A-) A description of biiliire and appearance of concri'te on each t(‘st specimen; 

(0 llie unit weight, density and yiehl of the conerete. 
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SOCIETY OF AUTOMOTIVE ENGINEERS NUMBERING 
SYSTEM FOR STEELS 


This Society has atloyiied a standard numeral index system by which it is possible 
to designate with four or five figures any steel desired. The first figure indicates the 


class to which the steel belongs. The eight 


Carbon steels. 1 

Nickel steels. 2 

Chrome-nickel steels. 3 

Molybde.iium steels. 4 


classes and their numerals are 


Chromium steels. 5 

Chrome-vanadium steels. 6 

Tungsten stetds. 7 

Silicon-manganes steels. 8 


For the alloy steids the second figure shows the percentage of the most important 
alloying elenn^nt. The last two or three figures generally designate the carbon content, 
usually within ztO.05 per cent. For example, 1015 indicates a carbon steel with 0.10 


BASIC NUMERALS AND DIGIT RANGl^S FOR S.A.E. STEELS 
(For chemical compositions of each of the 110 grades of stcEd se'c S.A.E. Haniibook) 


Type of Steel 

Numeral 

Dipit RunBB * 

Nu. uf 
Grade.s 

r’arhou HtcelH. 

1 



IMiviii ('iirhnii (EM).!)’) 1.05',/,',). 


1010 1005 

26 

Free r'liitinK, (Srrew SLiiek, .S <0..‘iC'.). 


11121120 

4 

Free (‘ut tiriK, (^lall^^arlepe, Mri 1.0 . 


XT.‘114 X 1.140 

5 

IliKli MariKLiiiCNC (Mu 1.0 i.*J'/i ). . 

.j 

T1330 Ti;i50 

5 

0.50 Per (kiiil Niekel. 


2015 

1 

1..50 Per (’put Nirkrl. 


2115 

1 

d..50 Per Out Nirknl... 


2:il.V 2350 

7 

5.IK) Per Cent Nirkel. 

Nirkel ( Miruniiuiii Steels. 


2515 

1 

1.2.5 Per Cenl Nirkel, O.fiO Per f’eiit ('hinniiuni. ... 


3115 3150 

0 

1,7.5 I’pr CruL Nirkel, 1.00 I’er t'ent r’ln oiniuin . . .. 


3215 32.50 

6 

Jl.fiO Per Cent Nirkel, 1..50 Per ('enl r'hroiiiiuin. 


.3312 3340 

4 

.1.00 I’pr Cpiit Nirkpl, (ISO Per ( Vot ('hroiiiiuni. 


3415 3450 

3 

(lorrnsiDii and Hpat Kesi.slinK l('i- 17 20, Ni S j0';{,). 

Molybdeniiin Stepls (Mo <0.40 ''l,).. .. 

■1 

3000.5-30.01.5 

2 

(Miioiiiiuin (C’r <1.10%). 


4130-41.50 

5 

('Iiroiniiiiu Nirkpl (Cr <0.00, Ni <2.0'}!,). 


4320 X4340 

3 

Nirkpl (liow) (Ni <2.00',;,' ) . . 


4615 4640 

3 

Nirkpl (Mpdiurii) (Ni <.’I.7.5C[,). 

('hroriiiiiiii Sterls (Cr < l.,50'’f,). 

r, 

4815 4820 

2 

Iii»w ('liroiniiiiii ((;;'r O.lj -l.lOVl). 


5120 5150 

3 

Medium Clirniiiium (It 1.20-1.50%)... 


52100 

1 

rorriKsioii and ITeat Iteslsline (Tr 11..5- IS.0%). 


51210-51710 

.5 

Chroiniiim Vanadium Strels (Tr <1.10, V» <0.25% ) . 

6 

6115-6105 

9 

'rtmiEslrn .Steels (Cr <4.(K), AV <15.0%;). 

7 

71360 7260 

3 

Siliron MaiiRanrsc Steels (Mn 0.6 l).0, Si 1.8 2.2%c). 

!) 

1)25.5-9261) 

2 


* X ip iirpBxed tu (ipnote vnridtioiip in ranis;e of elementa. T is prefixed to-niaiiKanR.<9e .steels to avoid 
eoiifusion with certain other aleel.9 of same numeral but different manKaiiBse content. 
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to 0.20 per cent rarbon; 2335 indicates a nickel steel with 3.25 to 3.75 nickel anil 0.30 
to 0.40 per cent carbon; 3140 signifies a chrome-nickel sUhvI with 0.45 to 0.75 chi'oiiiiuni, 
1.0 to 1.5 niekel, and 0.35 to 0.45 |)er cent carbon; 52UX) dcsigiiatt\s a chromium steel 
with 1.2 to 1.5 chromiuin and 0.05 to 1,10 per cent carbon. 

Since these numbers are much used in the liesigiuitinn anil purcliase of steels for 
industrial purposes, the table on the previoii.s ])age has l>ei'n insertlal io sliow the rangt^ of 
compositions included in the system. The society also has standard heat treatments for 
many of these steels, lloth heat treatments and charts may be found in the S.A.E. llaml 
book, an annual publicatLon. 
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Abrasion tests on stone, 2.')S 
Absorption tests on britk, 27.'), 2S2 
Absorption test.s on roiirreto fi^^roKato, 432 
Absorption tests on ernicreie lilrx'ks, .jib 
Absorption te.sts on stone, 2.j2, 2.j4 
Acid best for corrosion, 788 
Adhesion of nails to wood, 222 
Aiihesion of rortliind cement i^rtar, 402, 4.j7 
Admiralty metal, 740, 707 
Akg in storage, elTect on cement, 30o, 323 
320.330 

Aggregatf* for concrete or mortar: 
broken stone, properties of, 421-425 
cinders, 42.j, 474, .j02, ,j04, 500 
clay in, 415 
coniposition of, 414 
definition, 407 

effect of moisture on .sand voitl.s, 418 
fineness modulus, 411, 417 
fire rosistanr^e of, 502 
gradiition of grains in, 414, 410, 422, 403 
granite for, 422, 4fi0, 40S 
gravels for, 424, 444, 45H-4()!1, 470, 480- 
400, 404, 501, 504 
gravel ’cs. broken stone. 425 
hfiytlite, 420, 474, 502, 504 
impurities in, 415 

limestone for, 422, 400, 401, 408, 474, 470, 
40S. 400, 504, 512 
mechanical analy.sis of, 410 
mine tailings, 425, 430, 453 
moisture tests, 432 

mortar tests for fine aggregate, 410, 848 
organic acid in, 415 
lequiremeiits for, 414, 420 
.sands for, 414 
sandstone for, 422, 460 
sidewalk, 443 
sieves for, 410 
slag, 425, 400, 475 
specific weight, 408, 417, 423, 424 
eperific weight, relation to voids, 410 
standard sand, 302, 305 
test for iinvmrities in. 410 
tray) rock for, 422, 400, .'505 
voids in, 400, 417, 424 
yield in concrete or mortar, 404, 411, 850 
Air analyzer, 381 
Air furnace for cast iron, 600 
Allotropy, 569 
Alloy.s: 

aluminum bronze, 751, 767 
ahiminum-copper, 7.51, 7.5.3, 75.5, 830, 841 
aluminuin-magnesium, 75.5, 7S.5 
aluminum-zinc, 7.54, 835 
behavior of, in freezing, 575, 578. 580 
constitution, how foiiiirl, 572. 578, 820 
constitution of noriferrou.s, 821, 827, 830, 
834, 835 

cooling curves for, 573 


Alloys (ruMbOiaf'r/) 
copper-beryllium, 841 
o.o|)pei, high strength, 840 
c[)p|jer-nickel. 834 
copper-silicon, 8-10 
copper-tin. 744, 767, 827 
coj)per-tin-ziiie, 744, 830 
copijer-zinc. 739, 767, 821 
definition of, 568 
eutectic allr)ys, .575 
lead-anliir.Diiy, 756 
ILMid-ant iin.ji'y-tin, 750 
lead-tin. 756 
light weight, .841 843 
magiie.sium, 844 
method of mat ing, 5li9 
.significance ol constitution diagrams for 
574, .578, .581 

.silicon-iron to resi.st corrosion, 799 
.soluliilily relations in, 571 
.structure.s of, 576 
Alloys of low fusibility, 758 
Alloys of mori* tli.an two comi>oneiitH, .583 
Alloy ste el, 58.8, ()74, 766, 775, 836 .840 
Aluminum, .523, 734 

Aluminum, rdloys of, 751, 830, .83.5, 841, 843 
Annealing, .see stia*l, eL)i)i)i;r bra.sses and 
bronzes 

Annual rings in wooil, 142 
Ash, 161 : .also .see timber 
A.stoii proi'e.s.s for making wrought iron, .545 
Au.stonite. 591, 637, 678, 839 
Autograjdiic .stie.ss liiagram apparatus, 84 
Automotiv(i eiigineer.s’ numl)ermg system for 
steels, 852 

Axles, iron, U^inperature tests on, 765 


l-^ahbitt metal, 7.57 
Hasalt, 240 

lia.sswood, 161; also .see timber 
Heains, nurverl, 32 
Beams, maximum deflrrction.s in, 33 
Iito.anis, inoiJients, 33 

^.Tlearing broiize.s, 746, 747, 757, 767, 828, 829, 
830 

Bearings for PDmpre.SHion test.s, 76 
Bearings, knife edge, 668 

U eariiig.s, roller, 667 

earing rnctal.s, 747, 756, 757, 767, 828, 829. 
830 

Bearing re.sistance of plates, 666 

Beech, 162; also see timber 

l^ell metal, 744, 828. 829 

Bending .stre.ss combined with direct stress, 44 

Bend tests, 135 

Bedments for compres.sion tests, 79 
Bend test attachments, 60 
Bessemer process for making steel, 547 
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llii oh; also sec timber 
Blast furnatp., .'iH2 
Blast furiiar*!*, effiriimny of, 541 
lUtuideii coiiients, 353 
Blister steel, 588 
Hoiidiiig mortar or concrete, 445 
Brasses, 739, 821 
complex, 742, 826 
composition of, 740 
constitution diagram of, 821 
cup ping test for, 750 
Delta metal, 743, 768 
fatigue of, 776, 785 
heat treatment of, 825 
manganese bronze, 742, 708, 770 
mechanical treatiiiLMit, 825 
inierostructurc of, 823 
Muntz metal, 740, 708, 802, 824 
Nvtiaval brass, 743, 708, 770, 82(i 
properties of, 741, 742, 743, 709, 770, 770, 
824 

smelting of, 740 
Sterro metal, 743 
''robin bronze, 743, 708 
uses of, 740, 741, 742, 743 
Brassies and bronzes; 

aiinealing of, 741, 742, 743, 740, 7411, 825, 
829 

cold working of, 742, 748, (S25, 828 
corrosion of, 742, 797, SOI 
effects of high temperatures on, 707 
season cracking of, 748 
special tests for, 749 
Breccias, 242 
Brick, building: 
absorption of, 281 
C/B ratio, 275, 2S1 
classes of, 279 
concrete, 517 
elasticity of, 284 
fire resistance, 287 
freezing, resistance to, 282 
iiianufacture, 279 
masonry tests of, 2S4 
iiuisonry, reinforcerl, 300 
iiiusonry strength, 284 
piers, strength of, 284 
refiuiremiMits for, 280 
sand lime, 288 
sizes, 280 

spei’ific gravity, 284 
strength classification, 2S3 
suction rate of, 280 
tests on, 281, 282, 285 
Brick, paving, 289 
pr[>perties, 290 
rattler test, 278 
letjuirempiits for, 290 
sizirs of, 290 

Brick piers, strength of, 284 
Brick, refractory, 291 
acid, 291 
basic, 292 
bauxite, 292 
chrome, 293 
magnesia, 292 
silica, 291 

Brick, also see clay products 
Brick walls, fire resistance of, 2S7 
Brick walls, strength of, 285 
Brinell liall test, 08 
Briquets, cement, 391 
Brittle materials, dellnition of, 5 


Bronzes: 

admiralty metal, 740, 707 
bearing bronzes, 740, 747, 757, 767, 828 
829, 830 

bell metal, 744. 828, 829 
complex, 744, 829 
composition of, 744 
constitution diagram for, 827 
copper-tin-zinc alloys, 744, 830 
fatigue of, 770, 785 
government bronze, 746, 707, 830 
gun metal, 744, 708 
heat treatment of, 829 
Icad-bronzc, 747, 830 
mechanical treatment of, 825 
phosphor bronze, 740, 708, 829 
properties of, 744, 740, 748, 750, 707, 770, 
797, SOI, 828 
silicon bronze, 830 
speculum metal, 744, S28 


Calcimine, 813, 815 
('alibration of testing machines, 98 
Capping fOr compression tests, 79 
Carlxiloy, 087 

(’arbon in cast iron, see cast iron 
(’arlK)ii in steel, see steel 
Case hardening of steel, 044, 084 
Cast iron, 580 

air furnace for, 090 
alloy cast irons, 702, 704 
carbon in, 090 
castings, cleaning of, 694 
chills, 6!)4, 718 

composition foi‘ different uses, 704 

constituents of, 090 

cupola for, 089 

defects iu, 702 

durability of, 788 

effect of repeated heating, 717 

effetd: of size of bar on strength, 707 

grades of, 700 

gray cast iron, 097 

hardness of, 705 

heat treatment of, 717 

importance of, 088 

malleable, see malleable cast iron 

manganese in, 702 

iTianufaclure of, 088 

molds for, 093 

irinttled cast iron, 697 

jiattenis for, 091 

phosphorus in, 702 

properties of cast irons, 708 

segregation in, 703 

shrinkage of, 701, 705, 710 

silicon in, 098 

strengths of different grades, 706, 708 
stress diagrams for, 709 
strindure of, 097 
sulphur in, 701 
testing [)f, 707, 712, 715 
white cast iron, 697, 709 
Cast iron, strength of: 
crushing strength, 711 
effect dT composition on, 706 
effect of rate of cooling on, 706 
effect of repeated blows on, 717 
effect of silicon on, 121, 700 
effect of temperature on, 717, 760, 769 
endurance limit of, 708, 709 
high test east iron, 707, 708 
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Cast iron, strpngth nf (r(t;i/ini<rr7) 

mLniiilus (jf fiMsliL'ity nf, 7J)S. 7(>[i, 717, 
shpuring strength, 71,n 
shnnk lOMistaiifP, 71;j 
shrinkage stresses in, 7115 
tensile strength, 701) 
torsional strength, 71.j 
tifiiisvt^rse strength, llll. IJii, 71i.> 
C’ast-iron rnluiniLs, strength ul, 711 
Catalpa, 102 
Cedar. 101 

Ceiiient drain tile, 517 

C'enient gun, 444 

(’ementite, 500, 010 

Cement pipe, testing nf, 510 

Cement, see viirious kinds of 

( 'ement, testing nf, see Ihjitifiiul Cement 

Cements nf enn.stiiictirMi, dOl 

Chains, stiength nf, (it).") 

(’heminal cninpLiuiids, 7)liS 
Chestnut, Kit) 

( -hills for east iron, 0,04 
Chrnme-niekel steel, OSd, 704 
Chrome steel, 070, 7(i() 

Chrnme-\'aiuidiuiM steel. 0N4 
Cinder run (Tel i‘, 420, 474 
Clay jjij)e, see pipe 
Clay prnduets: 
am nil lit used, 202 
annealing, 274 
burning, 27.'1 
elasses of, 2(52 
eliiy.s foi’, 2011, 205 
eniLstitution nf, 204 
drying nf, 270 
Hashing, 274 
glazing, 274 
kilns for burning, 270 
nianufaetuie of, 207 
mnldiiig nf, 200 
popping in, 204 
raw iiititLTials fur, 20:i 
•SegeJ' enmr.s, use nf, 207 
shales for, 20.4 
Soi ling, 274 
uses nf, 202 
^ alue nf, 202 
wall white in, 20.5 
Clay prnduets, te,sting of: 
abra.sinii test, 27H 
ab.soriitinn test, 275 
appearaiiee, 275 
freezing te.st.s, 278 
hammer test, 275 
hardne.ss test, 275 
kind,s nf tests, 274 
rattler test, 278 
speeifie gravity test, 270 
strength tests, 270 
suetiuji rate on brick, 280 
Clay tile, see tile 

f-old working of brasse.s and bronzes, 742, 
748,825,828 

Cold working of steel, 0.54 050 
Column aetion, 2, 10 
C’olumn formulas; 

Euler’s, 17 
parabolic, 19 
llarikine’s, 18 
secant, 18 
straight line, 18 
Column tests, cast-iron, 711 
hollow tile, 294 


Cempression tests, apparatus for, 110 
adjustable Uauing blncks for, 75 
bediuents for. 78 
effect nf idiamiiMtHl edges, 11(5 
effect of loading porlinn of si)e('imeu, 1 Ui 
form of lesi piece, etTert of, 114 
fi’fictui evS ill, 117 
method of te.^iiiig, 11(5 
modified cube test, 115 
objects of, 112 
rigid bearing blocks for, 7.5 
.speed.s in, 117 

('ompre.ssomeler, (ypes of, SO 

Concrete; 

absorption of, 490, 51(5, 517 
aggi'i'gate for. 41)7, 414 420 
all<ali water, cdTect of, ,5(ii) 
for lioulder Dam, 484. 4S,S 
east stone, 519 

coeHicient of expansion of, 'lH 
cooling rate wlii*n selling at low tempeia- 
tures, 497 

l•onlpl•ession li'sts, method of nmking, 115, 
.S47 

contraction iliie to drying, 4S() 
cracking in pa vcioeiit, 44.S 
curing id“, 4 18 
deliuition of, 407 
deirsity nf, 412 

durability of. in st'a w.aler, .507 
elTi'ct of acids. .5 1 0 

efl’cct of low tenipei ature.s on liardeniiig, 
494-490 

I'lastii' properties of, 470 
electrical iissisiance of, 512 
electr«)!ysis of, .oil) 
exiain.'^ioii due to iut»ist\ire, 480 
fatigue, (dfect of, 472 
forms for, 44 0 

freezing and lliawiiig, elTect of. 497 

freezing, protection againsi, 44!) 

handling of, 4 41 

hand mixing, 148 

hand vs. iiiai'liine mixing, 441 

joining new and old wrok, 44.5 

joints in, 444, 448 

machine iiiixiiig, 449 

mea.surement of pro))ortioiis for, 427 

mix design, 429. NliS 

mixing, iirim iples of, 448 

modulus of elasiicily of, 475, 477, 479 

moflifii'd cube test. 11.5 

placement of, 144 

jilastic How ill, 470, 4K(J 

Ihii.s.son's ratio for, 480 

jjres.sure again,si foriu.s, 447 

pieventiiig freezing of, 449, 497 500 

innportioniiig by voids, 42,S 

proportioning by water-cenierd, ratio, 428 

projiortioniug of, 420 

pmijortion.s arbitrarily .srdect-ed, 427 

proportions e.ommonly userl, 444 

pro|)ortinn.s, inter(nel ation of, 448 

protecting against cold weather, 449 

puiiiiiing concrete, 442 

(pjantities of materials r( 0 |uireii for, 440 

ready mixed, 440 

r esi.stauce to fire, ,500 0 

resistance to wear, 472 

ret<3inpering, 440 

sea water, effect of, 500 

,settiiig ol, in cold weather, 494 -497 

sewage, oiTeet of, .510 
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Concrete {Continued) 
shear tests on, 470 
shearinK strength of, 469 
shrinkagD in setting, 448 
specihcations for specimons, 846 
surface hardeners, 493 
tensile strength of, 468 
testing, necessity for, 406 
testing of, 115, 434, 846 
thermal properties of, 504-6 
transverse strength of, 408 
tremie for placing in water, 442 
USB of salt in, 500 
variations in, 406 
vibration in placing, 354, 443 
water-cement ratio effects, 428, 466, 487, 
498 

waterproofing of, 490 
Concrete blocks, 513 
curing of, 449 

Concrete blocks, specifications for, 515 
Concrete blocks, tcLstiiig of, 515 
Concrete block wall fire tests, 501 
Concrete brick, 517 
Concrete, cinder, strength of, 473 
Concrete, conipcessive strength of, 355, 458- 
470, 494 8. 
density, effect of, 461 
effect of age on, 458 470 
effect of per cent cement, 458 
effect of per cent water, 406 
effetjt of retempering, 340 
effect of storage conditions, 448, 470, 488, 
494 

effect of viViratioii on, 354, 443 
light weight concrete, 474, 501 
modified cube test for, 115 
predicted from mortar strength, 419 
size of coarse aggregate, effect of, 463 
Ci)ncrc?te, permeability of: 
alum and soap, effect of, 492 
clay, effect of, 492 
coefficients of permeability, 487 
niririg, effect of, 48S 
D’Arcy’s law and its relation to, 487 
density, effect of, 485 
effect of jier cent cement on, 354, 485 
effect of vibrati[)n on, 354, 443 
effect of fineness of cement, 354 
fabrics for decreasing, 493 
hydrated lime, effeet of, 491 
other conditions cffeivtiiig, 489 
point fur, 813, 816 
per cent water, effect of, 487 
surface washes, 492 
testing of, 482 

time of mixing, effect of, 489 
waterproof membranes, 493 
Concrete jmles, posts, piles, 519 
Concrete slag, strength of, 400, 474 
Conduit, clay, 300 
Conglomerates, 242 
C 'opper: 

alloys, see Alloys 
annealing of, 730, 742 
cold working of, 729, 730 
extraction of, 728 
production of, 522, 728 
pi-operfies of, 522, 729, 742 
uses of, 522, 731 
Cores for cast-iron molds, 692 
Corrosion, cracking of brasses, 749 
concentration cells may cause, 795 


Corrosion, cracking of brasses {Continued) 
conditions affecting, 793 
danger district, 803 
dissolved air stimulates, 789 
effect of elements on corrosion of iron and 
steel, 798 

effect of stress and strain on, 796 
extent of corrosion, 803 
imiiortanee to engineer, 787 
inhibitors of, 814 
joint electrolysis, 804 
mill scale, effect of, 790 
nature of, 791 
non-ferrous metals, 801 
of metals, 787 

protecting against, 800, 806, 809, S13 
purity, a factor in, 790 
relative corrodibility of metals, 794 
resisting steels, 680, 838 
rust stimulates, 795 
stimulators of, 814 
stray current, 802 
turbine driven propellers, 796 
validity of acid tests, 788 
Cottonwood, 162 
Critical temi)eraturB in steel, 590 
Cross bending: 

breaking stresses in, 27 
laws of stressing, 24 

resisting moment equals bending moment, 
25 

resisting moment for various sections, 26 
true idtiinate stress in (Upton), 28 
(!ross bending tests, see transverse tests 
Crushing strength of brittle bodies, 14 
Crushing strength of plastic.bo dies, 14 
Crushing strength, relation of, to sliearing 
strength, 16 

Crysialliiie structure of metals. 570 
('rystallization of iron and steel, 599, 771 
Cubes and cylinders, relative strength of, 113 
C'upola for cast iron, 089 
Cupping test fur brasses, 749 
('iirved beams, stresses in, 32 
Cypress, 159 


Decay of wood, 180 
Deflection curves, plotting of, 123 
Deflection of beams, formulas for, 30 
Deflection of l:>eaiii,s, table of, 33 
J^eflectiDiis due to shear, 32 
Deflections under impact, 43 
Doflectoineter, dial, 88 
Deflectometer, miiltiplying-lpvcr, 88 
Deflectometer, wire-inirror scale, 89 
Doflectometers, features of, 87 
Deformation apparatus, calibration, 1(X) 
Deformutioii due to torsion, 23 
Deformations, instruments for measuring, 
see Bxteiisomcter, compressometer, 
torsion indicator, multiplying dividers, 
deformeter 

Deformation, lateral, 4 
Deformation, volumetric, 4 
Deformetcr for bridges, 94 
Deformeters for beams, 89 
Delta metal, 743 

Density, see material in question 
Detrusioii indicators, 91 
Diabase, 240 
Diorite, 240 
Dow metal, 844 
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Drfiin tile, cement, 517 
Dners, paint, 812, 816, 817 
Drying of timber, 150 
Ductiie materials, definition, 6 
Duralumin, 755, 776, 833, ii34, 841 


Eccentric loading, effect of, 44, llG 
Eccentric loading in britiuettes, 396 
Elastic bodies, 3 

Elastic break-down, factors causing, 47 
Elastic limit, apparent, D 
apparent, advantages of, 10 
chan|!;ed by overstrain, 604, 056, 661 
definition of, 3 
indices of, 9 

obtained from stress diagram, !) 
variability nf, 7SS 

Elastic limit, also see steel, wrought iron and 
other materials 
Electrolysis of concrete, 510 
Elm, 162 

Elongation, gauge length effeels, 106 
significance of per cent of, 13 
the percentage of, 11 
variation of, along test piece, 12 
Endurance tpsting of metal, 770, 772, 776 
Energy of rupture, 9, 40 
Eucalyptus, 162 
Euteetic alloy, 575 
Extensometer: 
autographic, 84 
Berry strain gauge, 82 
calibration of, lOO 
Dalby's load-extension indicator, 84 
essential features of, 79 
Huggetibcrger, 81 

Marshall’s elastic limit recorder, 84 

Marten’s mirror, S3 

mierometer-screw, 80 

multiplying lever, 81 

wire rope, 94 

indicating dial, 81 


Failure, Bauschinger’s theory of, 779 
factors influencing, 47 
in fatigue, inechaiiisin of, 7S0 
Fatigue, experiiuents on, 772 
P^aiigue of metals: 

composition, effect of, 620, 776 
corrosion fatigue, 784 
defined, 771 
designing for, 781 
heat treatment, effect of, 773 
limits of stress for an indefinite number of 
repetitions, 776, 780 
non-ferrous, 785 

properties of metals, 709, 775 8, 7S5 
redation to elastic limit and ultimate, 777 
repetitions, number rei|uirerl to cause 
failure, 773 

size of part, effect^of, 776 
speed, effect of, 776 
surface conditions, effect of, 776 
torsion endurance limit, 777 
Ferrite, 590, 610 
Ferro alloys, 588 
Idneness modulus, 411, 417 
Fir, 159 

Fire resistance of brick, 287 
Fire resistance of concrete, 426, 501 
Fire resistance of stone, 248 


Flat plates, strength and deflection of, 36 
Pdexible materials, definition of, 6 
Forging of ferrous metals, 565 
P'orms for concrcU\ 446 
Fracture in bend tests, 134 
Fractures in compression tests, 117 
F'ractures in tension tests, 110 
PYeezing and thawing tests, 246, 278, 497 
PVeezing, effects of, on eemoiit and eoricreto, 
341, 494 

protecting concrete against, 449 
tests to determine resistance to, 240, 278 
Fusible alloys, 758 


Gabbro, 240 

CiiUmore needles, 390 

Gneiss, 240, 245, 260 

(Sovernmeiit bronze, 746, 767, 830 

Grain growth in steel. 661 

Granite, 238, 245. 248, 251), 252, 255, 260 

Granite, aL<ij see aggregate 

Graphite, 590 

Graiijher cement, 365 

Gravel for eoni -ele, 413, 420, 424, 425, 444, 
459 466, 469, 479, 4Sf‘ 490, 41)4, 501, 
504 

Gray ca.st iron. 697 717 
Grips for tension ^ 'sts, 73 
Gum (wood), 161) 

Gun metal, 744, /(•‘i 

Gunite mortar, strength of, 444 

Gyp.siiiii, 366 

Imildiiig luaierials, 370 
Gypsum idasters: 

hard finished plaster, 369 
Hydroiral, 370 
Hydro stone, 370 
inanufaciiire of, 366 
plaster of Fiiris, 367 
uses of, 365 
wall plaster, 368 
Gypsum products, 369 


liardening of cement, 306 
of lime, 361 
of plaster of Paris, 362 
of steel, .see .sterd 
Hard materials, ileniiition of, 7 
Hardness, kinds of, 127 
Hardness te.sts: 

Biinoll met hod, 130 
Brinell vs. scleroHcope, 129 
hardness vs. strength, 128 
Heyer's findings, 128 
indentation tests, 128 
Kockwell method, 129, 132 
scleroscopc method, 1.31 
Havdite concrete, 420, 474, 501-2 
Heartwood, 144, 180, 186 
Hemlock, 159 
Hickory, 160 

High alumina cement, 357 

High early strength cements, 354, 358 

High speed steel, 686, 766 

Ilot blast stoves, 535 

Hydraulic cements, 301 

Hydraulic lime, 365 

I-beam, rolls for an, 561 
I-beams, bests of steel cut from 655 
Impact, deformation in, 43 
stresses in, 43, 209 
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Impact tests, methods for, 126 
selection of inanhiiius for, 125 
velocity effects, 128 
Indentation tests, 128 
ln]U;ot iron, 587 
Iron, corrosion of, 788, 790 
critical temperatures, 590 
importance of, 527 
protection of, 800 

structures of iron-CMrljon alloys, 505 
Iron aiiil steel, elassiricatifjn of, 5«S5 
composition of, 589 

effects of elements on corrodibility, 798 
production of, 542 
linn and steel, constitution of: 

alloying relations of iron and cementite, 590 

austenite, 591 

cementite, 590 

coiistitu tion diagram, 5 91 

critical temperatuies, 590 

ferrite, 590 

graphite, 5,90, 594 

peaiiile, 5!i2 

striictui es in icoii-carljon alloys, 595 
Iron ores: 

associati'd elements, 529 
classes of, 528 
produetion of, 529 
j eduction of impuiilies in, 5118 
HOI ire es of, 527 
treatment of, 531 


Keene’s rement, 309 
Kev’ t o si)e(ies of woorl, 170 
Kilns, 271, 315, 320, 31!), il.TfO 
Knife edges, 77, 008 


Ka l'’arge ceineiit, 305 

Lateral deformation under direct stress, 4 

Lead. 522, 730 

Lead-aiitimuiiy alloys. 750 

Lead-antimony tin alloys, 750 

Lead-hiDii/es, 747 

Lead-tin alloys, 75li 

Jit? ('hatelier's toiigs for testing siuoitlness of 
eemiMit., 380 

Lime; 

burning of, 359 
classes of, 359 
dnlomitii', 301, 30-1 
liaideniiig of, 3(it 
high calcium, 35!), 301 
hydrated, 302 
hvilraulic, 305 
kiln, 300 

magnesian, 300, 301 
produi'tion, ilOl) 
ijuiek lime, 359 
slaking of, 301 
testing of. 302 
uses of, 3ti4 

Lime mortar, proiicrties of, 303 
Limestone, 240 

resistance to abrasion, 200; also see aggre¬ 
gate 

strength of, 255 25S 
sirueture of, 240 

Limits of stress for an iiukdinite uuniber of 
repetitions, 780 
Linseed oil, 800, 810, 811, 812 


Loading, effect of rate of, 109, 207, 761 
Lurnnite cement, 358 


Mack’s cement, 309 
Magnaliiim, 755 

Magnesium structural alloys, 844 
Magnolia metal, 756 
Malleable cast iron; 
annealing of, 721 
casting, 720 
composition of, 721 
definition, 586 
effect of skin removal, 725 
effect of size of specimen, 726 
importance of, 719 
malleability of, 726 
melting charge for, 719 
molding, 720 
nature of, 718 
pearlitic, 586, 722 
specification rciiuirements for, 724 
strength of, 723 
stress-strain curves for, 724 
structure of, 722 ^ 

testing of, 723 

Malleable materials, definition of, 7 
M;uiganesc bronze, 742, 74S, 776 
Manganese steel, 678 
Maple, 100 
Marble, 241, 255 260 
Masonry cements, 357 
Masonry, reinforced brick, 300 
Mayari stecsls, 684 

Measurement of deformation, see rlifferrsd. 
tests 

Mechanical tevsts, elassification of, 98 
Meehanieal tests, obsei ^'ations on, 97 
Meehanieal lests, uses of, 138 
Miiiizels eoncrete lilock tests, 501 
Metallurgy defined, 521 
Metals, erysf.alliiie structure of, 570 
Metals for bcaiings, 717, 756, 757, 767 
Metals of l•^>nstrut■f ion, the, 521 
Metals for ligiit r'onstrurtiuu, 836 
Metals, principles of extraclioiv, 525 
Minerals in stone, 235 
Mixing of eoncrete, see eoiirrete 
Mixtures of metals, 568 
Modified cube test, 115 
Modulus of elastii'ity, definitifin, 3 
Modulus of elaslirily, determiiiatioii of, 1 I 
Modulus of elasticity in shear, 5 
Modulus of elasticity, secant modulus, 11, -177 
Modulus of elastii’ily, v olumetric, 4 
Modulus of resilience, 9, 40 
Modulus of rupture, 28, 120, 204, 256, 2Sl, 
290, 452, 468, 517, 712, 725 
Moist eloset for cement teKting, 397 
Molds for cast iron, 693 
Monel metal, 739, 768, 770, 785, 802, 835 
Mortar, lime, .362 
Mortar Portland cement: 
absorj)f iuii of, 490 
acids, effect of, 347 
adhesion of, 445, 457 
alkali water, resistance to, 344 
cniitraetion of, 334 
definition, 407 
density of, 412, 420 
effect of freezing on strength, l!)5 
elastic properties of, 475 
expansion of, 337-9 



INDEX 


861 


Atnrtar Portland cfiniont if'ontinuPil) 
.strE‘iigth, 444 

jitixlulus of elawtifity, 470, 47 lS 
oils. piTi'rt of, .S47 
jjhireijiniil of, 44;t 
liioportioiiiiip Ilf, 427, 4.‘12 
scfi watiM', resi.staiiL'i* lo, dlO 
sittI.s, cilTtM'l fif, .'.147 
siilovvalks, 4411 
.shiirikuKi' of, 

.siilpliMU* Hohilioii.s-, L'fTfM*! of, .'14(1 
.siiKar, efftMl of, .‘J4S 

toiiipiTiituic* in .‘144. .'14.1 

yiilii in, 412. 420, 4;i(> 

Mortars, Porthnid stroiipth of: 

iiKP \ s. sli iMigfh, .'1.11 0 
ofTprt of cluii af tor of lino ai|iK>'f*Cnli*, 4.M 
nlTtM't of fini'iu'ss of foiii[*nt, .124 
f4Tei-t [A ma(.latiuii of aK^jit'Kal is f.o.'l 
L*tT[‘i l of hyilrati'd liiiits 4 .‘j 7 
of luir a, 4.o7 

idToi't of i)t*r ciail of 4.'il 

(4TiM'l of i)i‘r wui of waloi, ;i2.‘l, 4o7 
fiiio vs. coarst^ saiuls, l.'io 
hiKh t[*in|j['r!itAii i' [iffoi (.s slri*nii(li, 114:1 
low LtMiipiMallira afToi'i.s stri'iijjt li, Illl 
lioiiixiiijic, MTiM-t of, IllO 
iidtMiiijrrii^!:, olToct of, :141) 
ton.silo slrtMijjlh of, :i:il (i 
ti an.sviMso ,sli t‘niutth, :i;i.o 
MottlL'd oast ii'oii, (i!(7 
Multii4yiiif»: iliA'idors, !)2 
Muntz motal, 740, 7l)S, S02, 824 

Nails, lioldirig foroc* of, 222 
Natural ci'inioit: 

(liarar'l i‘ris(ir-s of, .‘l.oO 
rJflliiitifjJi of, .‘14!( 
niariufafllira of, .‘1411 
u,si‘s of, ll.l:i 

Naval lira.ss, 74:i, 74S, 820 
Nii4u4:‘ 

t'xl.raI'lion of, 7118 
lirodui’lion of, 7118 
uses, .o2.‘l, 7.‘j!) 

Nifkal-idiioino s(,i‘i4, ('i8.'l 

Nii‘ki‘l sU’cl, (174, 704, 7()l‘i, 70S, 770, 770 


Oak, also .si‘o limln'r 

Ulii'n-hoarth furnacLS 002 

Ojioii-hrarlh proress fur luakiiiK sh*(4, .’i.'ll 

Oi l! di'jiosit.s, vahu* of, 524 

Ori\s, 5213 

Orn.s of: 

aluminum, 7,'14 
foppLMs 728 

iron, 528 
haul, 7:10 
iiir'kpl, 7118 
tin, 737 
zinc, Till 

On*s, pi'cparation for extraction of metals, 
52.5 

Overstrain, in steel, 001 


Paint, application i,f, 815 
bituminous, 814 
concrete, for, 813 
dE'finition of, 800 
cnanud, 813 


Paint, application of [Cmifinuixl) 
firoprooliu(z. 810, 815 
Hat wall. 813 
liidiniz: power of. .800 
refrijiEeratinji planls. for, 814 
rein overs. .81,5 
reijuircments of, SOO 
steel, for. 814 
testing of, 818 
vehicles. 810 
water, S15 

water-prootiiifi, .813, .811 
wood for, 812 

Patlerns for casl-iron molds, 0!)1 
Pavement ilcteriuiiialois, 278 
Paving biick, 280 
Pearlile, 500 

Pci iucabilily of I’niir'i cl e, see coiierele 
l*eriiiealiili ly of \ ;iriiiiis null eri.ils, 488 
IMiosphor bronze, 7 1(i, 708. S .'!i 
Phosphoi'Us, r'lTeets iil, see si eel, e.isj iron, 
wirniKld icon 
I'i^ iron. irr:eh*s of, 5:10 
loaoufar tTi* 5.32 
jMirihcation of, 542 
reai'lioiis in exhaclinn, 5.‘lo 
sla^s, .540 
Pij^iiieiils, soil 

liiluminims, SOu, slO 
classiliealion of, sOO 
i‘xli*nders, .SOii. olO 
lakes, 800 

l(‘ail, basic carbonate while, 807 
ba.sii- sul|)liaic while, 807, SOS 
I'artcr proi*e.s.‘< while. S07 
old DuliOi process while, 807 
rcil, SOO. SI I 
lilliopoiu', 807, 80S. 813 
opai'ily of. 800. 807, SOS 
zinc oxide, 80.8 
Pil.'ispMs, lesis Ilf, 201 
Pine, 15.8, also .‘<ee limber 
Pipe, clay, 207 20!) 
r-lay t csl inrr of, 277 
eoiiilnil, 300 

Plaster, S(m‘ lime, .also ^y|isnin 
PhisI.er of P.aiis, :i07 
Plastic malerials, flelinilion of, 3 
JMates, Hat, strength of, ;t(i 
IM.atc'S. (itrooved, slrent':th of, 00.5 
J’lywoml, 225 

Poi.sson's ratio, lictinition of, 4 
values of, 4, 255, 480 
Ptiplar, 11)0 
Portland cement: 

alkalie.s in. 302, :i0!). ;{20 
alumina in, 302, :t2l, lijli, ;124 
carbiin rlioxirle in, 302, 300, 32!) 
r4iar.'ir4eristics of, .'iOl 
colloids in, 304 
com|>ositiiin of, 302 
roiii|)(iunrls in, 303 
com]ir)unils, c;Urail:i I ion of, 305 
(■[institution of, 303 

elTect of arlulteralioii on .siierrifie gravity, 
320 

cITect of constitution, 30H. 321 323, .331- 
3;j4, 3;to 

eHect of di'^ree of biirriiiiK, 324 

(•n'cet of exposure to air, 320, 325, 320, :430 

id'fiM't of lemiieralnrc on setliiiK, 32!) 

Hneiiess, conditioiis atTectin*];, 330 

heat of liydratioii, 344 
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Portland cement'(Con/ini/cd) 

high-early-etrength cements, 301, 333, 344, 
354 

ignition loss, 309, 374 
iron cement, 354 
iron oxide in, 308 
lime in, 302. 303, 320, 323, 339 
lime ratio, 307 
low heat, 344 
magnesia in, 302, 308, 320 
modified, 344 
nature of, 301 
proportioning of, 307 
retempering, 340 
seasoning, elTect of, 325, 32!) 
setting and hardening of, 303, 308, 327, 328, 
390, 400 

silica in, 302, 303, 353 
soundness, nonditions influencing, 320 
specific gravity, conditions effecting, 330 
strength, conditions alfectiiig, 321, 325, 
320, 331 

sulphur in, 302, 309 
sulphate resisting, 302, 307, 346 
time of HE*t, conditions effecting, 303, 308, 
327, 328, 390, 400 
white Portland, 353 
Portland cement, manufacture: 
burning, 315 

comparison of wet and dry processes, 310 

grinding clinker, 316 

finding raw materials, 312, 314 

importance of industry, 310, 317 

kilns, 315, 320 

materials for, 310 

plan of plant, 317, 319 

storage of cement, 318, 325 

wet process, 318 

Portland cement mortar, see mortar 
Portland cement products, 513 
Portland cement, testing of: 
adhesion tests, 402 
autoclave test, 388 
ball method for consistency, 385 
boiling test, 388 
briquet, rate of loading, 397 
briquets, eccentric loading of, 397 
molding of 396 
number of, 397 
stresses in, 396 

calibration of equipment for, 398 
chemical analysis, 374 
clips for, 394 
consistency for, 326, 383 
consisteney formula, 384 
fiiiepess, 324, 379 
Gillmore needles, 390 
iut-erpretatioii of results, 399 
Lb Ghatelier's tongs for soundness t«st, 386 
machines for test, 380, 396 
mixing of pastes, 382 
moist closet for, 398 
necessity for, 371 
per cent water in, 384 
permeability of mortars, 405 
sampling, 373 
sieving of, 379 
soundness, 385 
H|>ecifications for, 371 
specific gravity, 378 
storage of specimens, 326, 398 
tension test, method, 392 
reasons for, 393 


Portland cement, testing of {Continued) 
value of, 395 

time of set, 326, 328, 329, 390. 400 
transverse testing, 402 
turbidimeter, 381 
value of soundness test, 389 
Vicat method for consistency, 383 
Vicat vs. Gillmore test, 328, 391 
yield in mortar, 404 
Portland blended with natural, 355 
Portland-puzzolan cement, 353 
Preservation of timVier, 185 
Prisms and cubes, crushing strength of, 11,; 
Proof stress, 10 
Proportional limit, 9 
Proving levers, 99 
Proving rings, 99 

Proportioning concrete, see concrete 
Puddling furnace, 544 

Punching and shearing, injurious effects nf 
134, 656, 665 
Puzzolan cement, 350 

Quantities of aggregate for concrete, 434 

(Quartering of samples, 373 

(Quenching of steel, see steel, hardening of 

Rails, pressure of wheels on, 667 
Rate of loading specimens: 
effects of, ill tension tests, 109 
in cement testing, 392, 3f)7 
in compression tests, 117 
in timber testing, 207 
in transverse tests, 123 
Rattler test of paving brick, 278 
Reduction of area, percentage of, 13 
Reduction in rolling, effect of: 
on brass, 748, 825 
on copper, 729 
on steel, 753, 756 
on Avrought iron, 600 
Red wood, 161; also see timber 
Refractory brick, 291 
Reinforced brick masonry, 300 
Repeated stress, designing of parts subjected 
to, 781 

Repeated stress, limits for, 780 
Repeated stressing of steel, effects of, 771 
Resilience a measure of shock resistance, 41 
Resilience defined, 38 
Resilience in cross bending, 40 
Resilience in impact, 43 
Resilience in tension and compres.sion, 3!) 
Resilience in torsion, 41 

Resiliciine of different materials, see material 
in question 
Resin, 816 
Rock, kinds of, 237 
Rosin, 811, 817 

Rusting of iron and steel, 788, 790 

Salt, effect of, on concrete, 500 
Sampling, 101, 373, 413 
Sand cements, 3.54 
Sand for cast-iron molding, 692 
Sand for mortar and concrete; 
effect of cnmjxjsition, 414 
effect of grading sizes of grains, 416, 452, 
454 

effect of impurities in, 415, 457 



INDEX 


863 


Sand for mortar and concrete (Confinucdl 
effect of increasing proporLions of, 4ol. 4S5 
sampling, 413 
testing of, 410-420, 848 
Sand lime brick, 288 

Sandstone, 242, 250. 251. 253, 255, 256-200; 

also see aggregate 
Sapwood, 144 
Scnureoht's ratio, 275 
Sderomcter, 68 
Sf-leroscope, 61J 

Screenings for mortar and concrete, 416 
Screw bolts, strength of, 663 
Season cracking of Ijrasscs, 748 
Sea water, elTect on coiicrete, 506 
Secant column formula, 18 
Seini-st-eel, 58S 

Setting of cement, see cement in queslioii 
Sewer pipe, cement, 518 
Shakers for cement and sand, 370 
Shear stress, in w’OndLMi beams, 30 
Upton’s method for true, 23 
variation in beams, 28 
Shear tests, objects of, 132 
Shear tests, specimens for, 133 
Shellac, 816 

Shock resistance, measured by resilience, 41 

Shrinkage of timber, 153 

Sidewalk mortar, 443 

Sieves, 378, 410 

Silico-niangaiicse steel, 683 

Silicon bronze, 830 

Silicon, elTect of, un metals, sec metal in 
question 

Silicon-iron alloys to resist corrosiuu, 709 
Silicon steels, 682 
Silt, 408 

Single shear steel, 588 
Slag cement, 356 
Slag concrete, 460, 474 
Slags from blast furnace, 540 
Slate, 243 
Slip lines, 771 
Solder, 756 
Solid solutions, 568 
Specimens, also see various tests 
Specimens for tension tests, 105 
Specimens, loading of, 72 
preparation of, 102 
stdection of, 101 
Speculum metal, 744, 828 
Spik es, holding force of, 226 
Spring wood and summer woorl, 143, 186, 217 
Spruce, 156 

Standard sand for cement testing, 392 

Stellite, 681 

Steel; 

annealing effects, 630 
annealing of, 626 
arsenic in, 624 
carboloy, 687 

carbon content, relation of, to properties, 
610 

carbon in, 609 

carbon, effect on ductilily, 618 
carbon, effect on elasticity, 616 
carbon, effect on hardening, 636 
carbon, effect on strength, 612 
carbon, effect on stress-diagram, 61!) 
carbon, elTect on toughness, 61!) 
carbon range of content in steels, 620 
case hardening, 644 
eold rolling of, 657 


St«el (ronO'nucd) 
cold twisting, 658 

cold working, distortion due to, 659 
cold working rf, 654 
ronipi>.sitinn of stiurtural, 621 
compressive strength of, 614 
compressive strength of, when confiued, 
666 

constitution diagram, 591 
copper ill, 024 
corrosion of, sec corrosion 
corrosion resisting, 838 
creep in steel, 761, 839 

critical temperatures in carl>on steels, 690 
distinguished from iron, 60S 
ductility of, 618 
durability of, 788 

effects of cold work on properties, 656 
effects of combined stress on, 674 
effects of cniitractioii in cross-section on 
strength, 663 

effects of reduciinn in rolling 653 
effects of impurities, 621 
effects of hot work on, 651-653 
Ldastic limit oi, 614, 649, 653, 655, 057, 062, 
076, 67!). 680, 0S5 

elastic limit under combined stress, 672 
eiuliirunce of. 771 786 
energy of rupti.ic of, 650, 657, 764 
factors iiiMueiicing iiropei ties, 601) 
grain grow til, ’>61 

grain size, relalioii of, tn properties, 620 
hot work, effect of, 651 
low' alloy high strength, 836 
manganese, elTerts of, 624 
modulus of elasticity, 611, 612, 616, 677, 
763 

modidiis of elasticity under combined 
stress, 673 

nitridiug of steid, 645 
non-metal lie impurities in, 024 
numbering system, 852 
overstain in, 661 
painting of, 815 
patenting. 0215, 660 
phosplmrus, effect of, 622 
proportional limit of, 614, 653-7, 682, 775, 
83!) 

protection of, 800, 809, 810. 814 
resistanne to whecd pressure, 606 
S.A.1'1. numbering system, 852 
shearing strengtli of, 615 
silicon, effects of, 622, 683 
staiidesH stncl, OKI, 838 
structures of, 595, 628, 637 
sulphur, effects rif, 623 
tensile strength of, 613, 63J, 646, 649, 662 
theories of harrletiing, 633 
torsional strength, 616, 768, 777 
toughness of, 619, fHl), 657, 677-685, 763, 
837, 839 

under rejieated stress, 771 
wire drawing, 65!) 

yield point of, 012, 613, 649, 652, 657, 775, 
837- 9 

Steel, effects of temperature on: 
creep, 761, 839 
ductility, 762, 769 
elastic limit, 761, 769 
hardness, 766 
modulus of elasticity, 763 
resistance to impact, 763 
strength. 759, 709. 838. 840 
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»St(iel, heat iroatmcnt of; 
annealiiifi:, 02(j 
IjurninK, 032 
eawe hardening, 644 
[jonstituents in hardened steels, 037 
cooling from, aViove eiitieal niiige, 023 
critical range, 360, 501, 025, fi27, 035, 044, 
040, 075, 078, OSO, 081, 084, 087 
drawing, method oi, 040, 041 
drawing teiiiperature, (>43 
elTect of, on corroHion, 708 
flame hardening, 045 
grain size, relation to propertieH, 020 
hardening, elTtnit of [rarhoii on, 030 
hardening, esseniialH in, 035 
hardening, methods of, (535, 044 
hardening, theories of, 033 
hardness, effect of drawing, 041 
heating above tTitieal range, 025 
heat treating tenijicratures, 027, 040, f)43 
induction hardening, fi45 
infliiPiice of hardening nii properties, 045 
infliienc.i! of temjHning on pi oporties, (i40 
niti iding of, 045 
noiMiializing, (>20 
ovcM' heating, 032 
])atontiiig, 02(i, f'tijO 
splieroidizing, 027 
tempering, ()4() 

Steel, manufaeture of; 

acid Itffsserner process, 548 

basic hesseinei j)T i>cess, 550 

Jlesseiner process, 547 

Jiessemer vs. op(oi hearth process, 555 

casting .steel, 500 

eementatinn jjroce.ss, 550 

rrucilde prijci'.s.s, 557 

deeline of Ifessenier jii'ocess, 550 

diijjlex ijrncess, 550 

eleetrii- fnriiacii, 557 

ffaging, 505 

ingots, 556 

ingfjts, defects in, 500 
ingols, lieat tiealiiicnt of, 500 
0 ])en-|jrarl h ])roce.ss, 551 
pipe.s, 5Ji4 
plates, 503 
pressing, 505 
proees.ses used in, 54(i 
prodiietion of .shai^es, 55!) 
rolling of shapes, 51)1 
rolling mills, 501 
.sheets, 503 
statistics, 507 

TiDpeiuts converter for, 551 
wire, 505 

iSteel plates, bearing lesistance of, 000 

(Steels, alloy: 
ehrome, (i7!) 

chroiiie-iiiol.vbdenuni, 084 
rhn)ine~nicKel, 083 
chroine-\ anadiuin, (i.S4 
eorrosiun resisting, 83.S 
fatigue resistance, 775 
IS- S steel, S3il 
liigli siieed, OSO 
low alloy high strength, 830 
manganese, 078 
Mayari, 084 

nickel, 074, 704, 700, 70S, 70!), 77U 
nickel-idii'o 11 le, 0S3 
silico-inangaiiese, 0S3 
hilicoii, 082 


Steels, alloy (Continued) 
stainless, OSO, 838 
tiing.stcn, 081 
vanadium, 082, 76.9 
Sterro metal, 743 
iStiff materials, definition of, 6 
Stone: 

abrasive iB,sistancc, 258, 200 
absorption of, 250 252, 254 
acid tD.sts for, 247 
basalt, 240 
breccias, 242 
ea.st, 519 
classes of, 237 
eonglonierates, 242 
cross bending strength, 258 
cru.sheil for eoiitaete, 420 5, 432, 400, 405 
474, 479, 498, 504, 512 
eriishing .strength, 252, 255, 258, 260 
den.sity of, 251 
diaha.se, 240 
diorite, 240 
durability of, 245, 240 
effloriNSceni!e removal, 245 
ela.stirity of, 257 
expaii.sifjii in water, 255 
fire test on, 248 
freezing te,st for, 246 
gabbro, 240 
gnei.ss, 240 
granite, 238 
harilne.s,s of, 250 
limestone, 240 

Lo.s Angeles rattler te.st for, 200 
marble, 241 

mineral constituents in, 235 
i^hysical pn.)])erties, 250 
J^nsson’s ratio for, 255 
porosity of, 250, 251 
presei vatitni of, 245 
production of, 235 
sand.stone, 242 
sell*etitin of, 234 
shearing strength, 258 
sliiM'k re.si,stance of, 258 
slate, 24!f 

soiliuni .sidphate test on, 247 
soiirce.s of [UDdiiftioii, 234 
spccifii! gravity of, 250, 252, 258, 200 
strength of, 250, 254 
structure of, 239 
thermal expaii.sioii of, 249 ’ 

toughne.s.s of, 201 
transverse strength of .slate, 257 
trap rock, 240 
use in United States. 235 
w'earing re.sistance, 258 
weathering of, 243, 240, 247 
weight of, 250, 252, 255, 258, 200 
Storage bath for cement test. 398 
Strength in testing machines cnnipared w'ith 
dead loarl strength, 113 
Stre.ss, combined, direct and IxMiding, 44 
Stress, combined, due to biaxial loading, 40 
Stress, combined, due to shcar.s and direct 
stress, 44 

Sires.s-deformation diagrain.s, plotting of, 112 
Stre.ss. general method of finding, 21 
Stre.ss, kinds of, 1 

Strc.sse.s, repeated, ilirigram for calculating 
enrlurance iiiirler, 783 
Stres.ses under rejjeated loads, 781 
Stre.sse.s, working, in timlKu-, 220, 233 
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Strufturo of: 

alloys. 570, 576, 823. 827, 831, 834, 835 

cast iron, 505 

copper, 571 

st^el, 505, 628 (»3S 

stone, 235, 230 

wrxjd, 103 170 

wrought iron, 508 

iSulphar, efipct of, in metals, see metal in 
question 
Sycamore, 162 


Tailings, for aggregate, 426, 435, 453 
T/iinarafk ilarrli), 101 
Tempering of steel. 040 
Tensile tests; 

cross knife eriges for, 75 
exiensometer tests, 111 
fiacture [■haraeterizMLirni in, 110 
general |)henoiiieiia uceoiiiijiuiying, 7 
grips for, 73 

jiiethotls for loiiimeieiai tests. 108 
objects ill conimerfial tests, 105 
observations in iTiiiiinei eial l(^sts, 100 
results obtaineil, 8 
signiliefince of, 104 
speeds in cominercial tesi.‘j, 108 
sjiherieal seated lioldeis for s|u*eiiiiens, 73 
types of, 13 
Termites, 183 
'rerrrif’Otta. 207 

Test for season erai'king of bi.-isses, 740 
Testing apriaraUis, n‘fei enees on. 05 
Tests for (letermiidng resistanee to rejieated 
stress, 70. 777 

Tests of various materials, see male'ial in 
(]uestion 

'Tests, idso see t ensile ei)ni|»i essive, etr. 
'Testing ioac‘liiii(*s: 

axial st ress erifluianee, 71 
eali I nation of, 08 
eemenl,, 306 
t'ohl bend, fiO 

eouilitions wliieli shtnibl ulilain in, .50 
TOnery, .54 
eiiiliiraiii'e, 70 
for eement, 300 

iMniiii machine for testing eoneiete, 58 
hardness, Hriiiell Imll lesler, 68 
Rockwell, 68 
sfleroseope, 00 
hydraulit^ pres.s, 5.5 
impact, drop type of, 06 
e.ssential eomlitirms in, 65 
penrlviluiii types, tio 
Olsen, 51 

reversed bending endurance, 71 

Uiehle, 53 

selerometer for. 68 

.selernscope for, 60 

shear test appliaiiees, 61 

torsional, 62 

transverse, 68 

transverse, essentials in, .57 

universal, tyiics of, 40 

wire, 64 

WnrlrTs largest, 57 
Wohlers, 70 

Thickness of rolled shar>es, influence on prop¬ 
erties, 653, 730, 735 
Thinners, 811 


TJireads on screw-bolts, influence of form of, 
663 

Tile, building, 203 

Tile eolumu.s, si l ength of, 204 

Tile, drain, 208 

Tile, drain, testing of, 277 

'Tile, floor. 206 

Tile pila.sters, tests of, 204 

Tile roohng, 20.5 

Tile, wall. 203, 204, 207 

'TimlHir; 

HTiiiiial rings in, 142 
lK>lted joints, strength of, 224 
broatl-leaveil trees. 141 
ease hardening in. 155 
ela.'vse.'^ of trees. 141 
clcavabilily of, 210 
coltir uf, 146 
eoluni'i strength, 227 
composition of wood, 1,80 
compressive slreiigth of; 
across grain, 1!I7, 233 
iiiflufMice of seasoning on, 100 
parallel to grain, 106 
coniferous. 1 11 
ei OSS bi'iiriing sf' engtli, 2T.3 
deeav, catises of, ISO 
defects in, 142, 145, 21.5, 217, 220, 231 
dellerlion I'ui' es ior bi'ain.s, 200 
density of. 147, J 11 
deteriorating ui'hieiices, 184 
(hying id, 150 
[hiiability of. 170, 180 
failure of beams, 205 
fungi in, ISO 
grading rules for, 228 
grain of wood, 145 
hardness of, 211 
hai'fl wood, 14 I 
heai t wood, I 14 

holding force of nails, screws and spikes, 

hrmeyeoinbing in, 15.5 
ideiililication liy key, 160 
importance of, 140 
insect.'^ attacking, 18,3 
joint stiengflis, 224 
knots in. 14L^ 215, 217, 220, 2.31 
knowhalge of niechanicMl properties re- 
ipiired, 107 
limnoi'ia in, 1.84 
marine iMjiei.s in, 1,S3 
modulus of elasticity, 107a, 233 
modulus of ruidoi e of, 203 
moisture in, 148 
nail joints, strength of, 224 
odor of, 146 
plywood, 22.5 
rays in, 144 
.sapwriod, 144 
seasoning of, 150 
.shearing st rength, 201 
.shearing .strengLh, in beams, 203, 223 
shearing strength, tangential, 201 
shrinkage of, 153, 157 
situation, 140 
soft wood, 141 
sj)C*fi6c gravity of, 147, 211 
spring wood, 143 
stiffnes.^ of, 207, 233 

strength of nails, serews, and .spikes in 224 
.stress grades nf. 228 
stresses allowable, 233 
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Timber (Continued) 

Btrueture and appearance, indexes of value, 
141 

structure of wood in general, 142 
summer wood, 143 
tensile strength of: 
across pain, 200 
paraller to grain, 199 
teredo in, 183 
termites, 183 

toughness measured by impact, 208 
transverse strengths of wood, 204 
volume changes due to moisture, 156 
weight of, 147, 149 
working stresses for, 226, 233 
Timber preservation: 

amount used in United States, 186 

Bethell process, UK) 

bi-chloride of mercury for, 189 

boiling process, 190 

Burnetizing, 190 

Card procDHH, 191 

copi^er sulphate for, 193 

creosote oil for, 190, 192 

economy in, 193 

kyanizing, 189 

Ijowry process, 191 

need for, 185 

open tank process, 189 

pcnotraiine of preservatives, 186 

preservatives for, 191 

J pressure processt^a for, 190 
iueping pro CUSH, 190 
superficial treatmeiitB for, 188 
timbers easily treated, 187 
treatment before preserving, 187 
Timlier, sources, characteristics and uses of: 
Ash, 161 
Basswood, 161 
Beech, 162 
Birch, 161 
Black walnut, 162 
CatiUpa, 162 
Cedar, 161 
Chestnut, 100 
Cottonwood, 162 
Cyprus, 159 
Douglas Fir, 159 
Elm, 162 
Eucalyptus, 162 
Gum, 160 
Hemlock, 159 
Hickory, 160 
Larch, 161 
Ix)dgepole pine, 158 
Longleaf pine, 158 
Maple, red, 160 
Maple, sugar, 160 
Oak. live, 159 
Oak, red, 159 
Oak, white, 159 
Pine, Norway, 158 
Pine, southern yellow, 158 
Pine, sugar, 158 
Pine, Western, 158 
Pine, white, 158 
Poplar, yellow, 160 
liedwood, 160 
fi^rucB, 159 
Whitewood, 160 
Timlier. strength of: 

Effect of bleeding, 221 
defects, 215, 217 


Timber, strength of (Continued) 
density, 211 
drying, 219 
fatigue of timber, 207 
fire killing, 221 
moisture, 217, 219 
position in tree, 215 
preservatives, 221 
rate of growth, 214 
speed in testing on, 206 
summer wood, 215 
temperature, 219 
time of loading on, 206 
Tin, 737 

Tobin bronze, 743, 768, 770 
I’orsion, deformation in, 23 
endurance limit, 776 
indicators, 91 
moment of, 22 
resilience in, 41 
shearing stress in, 21 
tests, objects of, 133 
tests, specimens for, 134 
Tough materials, defiiiibion of, 6 
Transverse teats: 

adjustable bearings for, 78 

apparatus reiiuired, 121 

elTect of shape of specimen for, 122 

objects of, 120 

observations to record, 123 

span effects in, cast-iron siiecimens, 121 

specimens for, 120 

speeds in, 123 

V-blocka for, 77 

Trap rock, 240, 260; also see aggregate 

Trees, classes of, 141 

Treinie for placing concrete, 442 

Turbidimeter for testing ceniBiit, 381 

TiirpcntiiiD, 811 

3Vist of shafts, 24 


Ultimate strength, definition of, 3 
Ultimate strength, how found, 11 


Vanadium steel, 6S2, 766, 770 
Vanadium-chrome steel, 684 
Varnishes, 806, 816, 817, 818 
Vicat needles, 383, 390 
Vitrified brick, see paving brick 
Voids, see aggregate 
Volumetric deformation, 4 
Volumetric modulus of elasticity, 4 


Walnut, black, 162 
Waterproofing concrete, sec concrete 
Wear of coiicretE*, 472 
Weathering of building stone, 243 
W elding of wrought iron, 007 
Wheel pressures on rails, 667 
White fast iron, 697 
White Portland cement, 353 
White wash. 813, 815 
Wire, annealing of, 660 
patenting, 626, 660 
Wire drawing, 659 
Wire rope, 669 
\Vire rope, testing of, 670 

Wire, steel, properties of, 669 
Wood Handliook, 196 
Wood joints, 224 
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Wood, see timber 
Wood, puiiit for, 812, Slo 
Wrought iron: 

A^iton’s procesa of making, .■»45 

Ponij)r(\Sv«ive* siienpth i>f. (iOJ 

rorrosioii of, aeo rorrosioii 

defects in, 59!) 

definition, 580 

durability of. 788 

elongatirm of, 000 

how rli.stinc^iiihL'cl from steel. OOS 

kinds of, 540 

maniifticturc of, 544 

nioduluh f)f [‘histn'ity, 005 

new procoi-s of inaniil'ai-tiiriug, 545 

over strain, ronirnon elTirt'^ of, (»05 

slieaiing stiLMiifth of, Ii02 

slag in, 598 

slriieiure of, 51)8 


Wrought iron (raii/t ri u n D 
tensile strength of, 000 
toughness of. 005 
welding of, 0(w 
Wrought iron chains, 005 


Vield, measnrempiit of, 404, 412 
Vieltl point, definition of, !) 

Yield strength. 0, 10 
Yield, see concrete or mortar 


Zinc: 

bronze.s, 830 
extraction of, 731 
prodiiftion of, 522, 7‘il 
properties of, 523. 732 
us<‘s 111, 523, 734, 7S7, 801 







